Design and fabrication of polarized InGaN light-emitting diodes and THz polarizer based on subwavelength metallic nanogratings by ZHANG LIANG
DESIGN AND FABRICATION OF POLARIZED 
INGAN LIGHT-EMITTING DIODES AND THZ 

























A THESIS SUBMITTED 
  
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
 












First of all, I would like to express my sincere appreciation to my 
supervisors. Prof. Chua Soo Jin and Prof. Eugene A Fitzgerald for their 
continuous supports, invaluable guidance, and encouragement throughout this 
research work. They have offered me insightful ideas and suggestions and 
have led me the scientific way to do research with their profound knowledge 
and rich research experience. Without their help, I would not be able to 
achieve this research goal. 
I am also extremely grateful to Dr. Teng Jinghua and his team members 
from Institute of Materials Research and Engineering (IMRE). Dr. Teng is a 
very accomplished research scientist with experience of many years in the 
field of solid-state lighting, and I did most of the experiments in IMRE under 
his supervision.  
I am greatly indebted to my senior Dr. Chen Ao, who shared with me his 
valuable experience in electron beam lithography. He has also given me a lot 
of helpful suggestions and encouragements during my hard period. I am also 
grateful to Dr. Tan Chuan Beng, who shared with me his valuable knowledge 
in photoluminance, p-n junction device physics and hydrothermal growth. I 
am greatly thankful to my junior Mr. Deng Li Yuan, who has worked with me 
and provided a lot of assistance to this work.  
Finally, I wish to express my sincere appreciations to Prof. C.A. Ross, 
Prof. C.C. Wong, Prof. C.V. Thompson and Prof. W.K. Choi for sharing their 
insightful opinions and suggestions with me throughout my PhD life. I am also 
thankful to the scholarship provided by SMA and to all administrative staffs.  
ii 
 
Table of Contents 
SUMMARY................................................................................................... I 
LIST OF FIGURES ................................................................................... III 
CHAPTER 1: INTRODUCTION ................................................................1 
1.1 Background of the project ......................................................................1 
1.1.1 Historical and state-of-the art light-emitting diode.........................1 
1.1.2 Polarization of light ..........................................................................4 
1.1.3 Polarization elements........................................................................5 
1.1.4 Polarization of various light sources ................................................6 
1.2 Motivation and objectives.......................................................................9 
1.3 Organization of thesis ...........................................................................13 
CHAPTER 2: THEORY AND MODELING METHOD...........................14 
2.1 Introduction ..........................................................................................14 
2.2 Subwavelength structure ......................................................................15 
2.3 Effective medium theory.......................................................................17 
2.4 Subwavelength metallic grating ...........................................................20 
2.5 Numerical modeling method ................................................................24 
2.5.1 Rigorous coupled-wave analysis (RCWA) .....................................26 
2.5.2 Finite difference time-domain (FDTD) ..........................................30 
2.6 Summary ...............................................................................................32 
CHAPTER 3: FABRICATION AND CHARACTERIZATION TOOLS.33 
3.1 Introduction ..........................................................................................33 
3.2 Process tools ..........................................................................................33 
3.2.2 Electron-beam lithography ............................................................39 
3.2.3 Nanoimprint lithography ...............................................................46 
3.2.4 Plasma etching ................................................................................48 
3.2.4.1 Ion Milling ................................................................................49 
3.2.4.2 Reactive ion etching..................................................................52 
3.3 Characterization tools...........................................................................53 
3.3.1 Scanning electron microscope ........................................................53 
3.3.2 Atomic force microscopy ................................................................55 
iii 
 
3.3.3 Fourier transform infrared spectroscopy (FTIR) .........................59 
3.3.4 Terahertz time-domain spectroscopy (THz-TDS) .........................61 
3.4 Summary ...............................................................................................61 
CHAPTER 4: SIMULATION AND DESIGN OF SUBWAVELENGTH 
GRATING...................................................................................................62 
4.1 Introduction ..........................................................................................62 
4.2 Comparison of different metals ............................................................62 
4.3 Effect of physical parameters of gratings ............................................67 
4.3.1 Period of grating.............................................................................68 
4.3.2 Duty cycle of grating.......................................................................71 
4.3.3 Thickness of grating .......................................................................74 
4.3.4 Angle of incidence ...........................................................................76 
4.4 Field distribution of light propagating through the grating................78 
4.5 Summary ...............................................................................................83 
CHAPTER 5: FABRICATION AND CHARACTERIZATION OF 
POLARIZED LIGHT EMITTING DIODE ..............................................84 
5.1 Introduction ..........................................................................................84 
5.2 Polarized InGaN LED structure ..........................................................84 
5.3 Polarized InGaN LED fabrication process ..........................................86 
5.4 Summary ...............................................................................................97 
CHAPTER 6: FABRICATION AND CHARACTERIZATION OF 
WIRE-GRID POLARIZER IN TERAHERTZ RANGE ..........................98 
6.1 Introduction ..........................................................................................98 
6.2 Motivation and design ..........................................................................99 
6.3 Simulation on the physical parameters of grating.............................100 
6.4 Fabrication of grating.........................................................................109 
6.5 Characterization ................................................................................. 112 
6.6 Summary ............................................................................................. 116 
CHAPTER 7: SUMMARY AND FUTURE WORK ............................... 117 
iv 
 
7.1 Summary ............................................................................................. 117 
7.2 Future work ........................................................................................ 118 















Design and fabrication of polarized InGaN light-emitting 
diodes and THz polarizer based on subwavelength metallic 
nanogratings 
 
InGaN light emitting diodes are poised to replace conventional light 
sources for general illumination application due to their higher luminous 
efficiency and long lifetime. For other applications such as in imaging, liquid 
crystal backlighting and 3D display, polarized light sources would be highly 
desirable.  
In this work, we designed polarized InGaN LED by integrating 
sub-wavelength metallic nano-grating (SMNG) fabricated on the emitting 
surface. The choice of material for visible-wavelength SMNG is discussed, 
and the physical parameters for SMNG are optimized. The distribution of the 
electromagnetic field around the grating when light is passing through it was 
investigated. These studies show a promising design of polarized InGaN LED 
by using SMNG. 
We have developed the process flow to make polarized InGaN LED by 
integrating SMNG on the emitting surface of InGaN LED. Both device 
structures and fabrication methods are compatible to conventional InGaN/GaN 
LED fabrication. The process parameters for photolithography, e-beam 
lithography, nanoimprint lithography, e-beam evaporation, plasma etching and 
ion milling are studied and optimized. 
Based on above structure design and process development, a linearly 
polarized surface emitting InGaN/GaN LED on sapphire substrate was 
demonstrated, with a polarization ratio of 7:1 (~88% polarization of light) for 
  
II 
electroluminescence emission from the device under electrical pumping. This 
value is the highest ever reported among those achieved by other methods 
such as from LEDs grown on non-polar/semi-polar surface, LEDs with 
backside reflector or those incorporating photonic crystal.  
Our finding suggests an effective way to make polarized light emitting 
devices, without using special oriented substrate, complex design, fabrication 
and packaging process. We also investigated the extension of this technology 
to THz range. The performances of these subwavelength gratings in THz 
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Chapter 1: Introduction 
1.1 Background of the project 
1.1.1 Historical and state-of-the art light-emitting diode 
Perhaps one of the most widely used technologies is the light emitting 
diode (LED), which is applied in an extremely broad range of markets and 
applications. LEDs with low output powers are used for indicator lighting on 
computers, laptops or televisions and also for bright outdoor displays. LEDs 
with high output powers are used in traffic signals and automotive headlights, 
projection display and indoor and outdoor illumination. LEDs are also used to 
backlit buttons or keypads on cellular telephones, and liquid crystal display 
(LCD) screens. These applications have lead to major growth of LED market 
in recent years.  
LED is basically an electrical diode consisting of an n-type semiconductor 
and a p-type semiconductor forming a junction. Due to the difference in 
electron and hole concentration on the two sides of the junction, the diffusion 
of electrons and holes results in regions with net charge, across which there is 
an electric field. This electric field induces a drift current of electrons and 
holes, which exactly offsets diffusion currents at equilibrium, and there is no 
net current flowing through the diode. When a positive voltage is applied to 
the p-type side, the electric field and the drift current are reduced, thus the 
diffusion current overwhelms drift current, making electrons and holes 
injected into the other side and recombined with each other. Being direct 
bandgap, the distinguishing feature of an LED is that the recombination is 




LEDs were discovered by accident early in the last century and the first 
LED results were published in 1907. LEDs became forgotten and only to be 
re-discovered later in the 1920s and again in the 1950s. In the 1960s, several 
groups pursued the demonstration of semiconductor lasers. The first applicable 
LEDs were by-products in this pursuit. During the last 40 years, progress in 
the field of LEDs has been breathtaking.  
The InGaN material system was developed in the early 1990s and has 
become commercially available in the late 1990s. A name that is closely 
associated with GaN LEDs and lasers is the Nichia Chemical Industries 
Corporation, Japan. A team of researchers that included Shuji Nakamura has 
made lots of contributions to the development of GaN LEDs [1-7].  
The bandgap energy versus the lattice constant in the nitride material 
family is shown in Figure 1. Inspection of the figure indicates that InGaN is 
suitable for covering the entire visible spectrum. To date InGaN is the primary 
material system for high-brightness ultraviolet (UV), blue, green and white 
LEDs.  
State-of-the art LEDs are bright, efficient, small, and reliable. In contrast 
to many other light sources, LEDs have the potential of converting electricity 
to light with near-unity efficiency. Besides high efficiency and power, a key 
benefit provided by LEDs is the ability to tune properties such as wavelength 
or color temperature of emission to meet the needs of specific applications. 
This flexibility allows the LED to service a wider variety of markets than any 
other light source. Indeed, they are already widely used in computers, 
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television sets and other consumer electronics, and are becoming a market 
leader for outdoor applications such as traffic lights and indicator lights on 
cars. The story of LEDs is still in progress. Great technological advances will 
surely continue to be made. Philips and other big companies are investing 
heavily to help LED technology to evolve rapidly. As a result, it is expected 
that LEDs will play an increasingly important role as light sources and will 
become the dominant light source in the future. 
 
 
Figure 1-1 Bandgap energy versus lattice constant of III-V nitride 











1.1.2 Polarization of light 
Polarization is a property which describes the orientation of oscillations 
for certain types of waves. Electromagnetic waves such as light, exhibits 
polarization, while acoustic waves in a gas or liquid do not have polarization, 
since the direction of vibration is same as the direction of propagation. 
By convention, the polarization of light is described as the orientation of 
the wave's electric field. When light is traveling in free space, in most cases it 
propagates as a transverse wave, where the polarization is perpendicular to the 
wave's direction of travel. In this case, the electric field may be oriented in a 
single direction, so called linear polarization; or it may rotate during travelling, 
so called circular or elliptical polarization. The description of the wave's 
polarization can be complex for instance in a waveguide or the radically 
polarized beams in free space, as the fields can have longitudinal as well as 
transverse components [9].  
The polarization state of light is one important property. Natural processes 
including magnetic fields, mechanical stresses, and chemical reactions can 
affected the polarization of light. Measuring the change of polarization can 
give valuable information about these processes. Polarized light can have 
many commercial applications, ranging from simple devices such as polarized 
sunglasses to complicated liquid-crystal displays (LCDs). It can also be used 




1.1.3 Polarization elements 
 Natural light is unpolarized by having its electric field symmetrically 
orientated. All polarization elements work because of certain form of 
asymmetry. This asymmetry gives rise to the different polarized waves. 
Different processes can be used to polarize light, including dichroism, 
reflection, birefringence, and scattering. Dichroism refers to the selective 
absorption of one polarizations. Light reflected at the Brewster’s angle is 
completely polarized parallel to the plane of surface. Brewster’s angle Bθ  is 
defined by itB nn /tan =θ  , where tn  is the index of the transmitted medium 
and in  is the index of the incident medium. Birefringence is a property of 
certain crystalline materials, such as calcite, where different polarizations see 
different indices of refraction in the material. This will cause the two 
polarizations to travel different paths through the material, e.g. Wollaston 
polarizing prisms.  Finally, scattering from a molecule can also polarize light 
because of the dipole field created by the excited molecule.   
One type of birefringent polarizer is the wire-grid polarizer [9] where the 
asymmetry is due to the wires. The earliest documented wire-gird polarizer 
was produced by Heinrich Hertz in 1888 when he used it to test the properties 
of the newly discovered radio wave. Since then, the grating period of wire-grid 
polarizer has been scaled down, and successfully applied to the microwave 




1.1.4 Polarization of various light sources 
Most of the electromagnetic radiation sources contain a large number of 
atoms or molecules that emit light. The orientation of the electric fields 
produced by these emitters may not be correlated, thus light is unpolarized.  
In many cases, the output of a laser is polarized, where the electric field 
oscillates in a certain direction perpendicular to the propagation direction of 
the laser beam. Gas lasers typically use a window tilted at Brewster's angle to 
allow the beam to leave the laser tube. Since the window reflects some 
s-polarized light but no p-polarized light, the gain for the s-polarization is 
reduced but that for the p-polarization is not affected. This causes the laser's 
output to be p-polarized [9]. Some laser light is more polarized than gas lasers, 
e.g. Nd:YAGs are highly linearly polarized. Diode lasers are much less and 
may even be elliptically polarized. VCSELs can have very non-classical states, 
like radial and tangential polarization.  
As a part of the development of solid-state lighting technology, the 
polarization of light emitted from LED has also been studied for long a time. 
Nonpolar m-plane (1010) GaN film growth was demonstrated on m-plane SiC 
substrates in 1996 by Horino et al [10–12]. Although the predominant aim of 
this study was wafer cleaving for laser cavity fabrication since the 
conventional c-plane sapphire wafers do not cleave, in-plane anisotropic 
photoluminescence (PL) was demonstrated. At about the same time, from the 
theoretical aspect, the electronic band structure of GaN was studied. The 
effective-mass Hamiltonian for wurtzite semiconductors was derived, 
  
7 
including the strain effects, which provides a theoretical groundwork for 
calculating the electronic band structures and optical constants of bulk and 
quantum-well wurtzite semiconductors [13]. The effect of uniaxial stress on 
photoluminescence in GaN and stimulated emission in InGaN/GaN multiple 
quantum wells was also studied [14]. Furthermore, optical gains in 
wurtzite–GaN strained quantum-well (QW) lasers were theoretically estimated 
for various crystallographic directions [15, 16]. For the experimental aspects, 
the optical anisotropy of excitons in strained GaN epilayers grown along the 
<1010> direction [17] and polarized photoluminescence study of free and 
bound excitons in free-standing GaN [18] were investigated. In 2000, the 
advantage of the nonpolar planes was shown by the quantum well structure 
[19], which demonstrated that the epitaxial growth of GaN/(Al,Ga)N in a 
non-polar direction allows the fabrication of structures free of electrostatic 
fields, resulting in an improved quantum efficiency. Later, optical polarization 
characteristics were studied on such quantum wells via photoluminescence 
[20-22], which showed a strong in-plane optical anisotropy. Several reports on 
hetero-epitaxially grown nonpolar LEDs appeared in the year 2003 to 2004 
[23–25]. In 2005, Gardner et al. reported electroluminescence (EL) anisotropy 
on their m-plane LEDs fabricated on m-plane SiC substrates [26]. UCSB 
nitride group followed by reporting on semipolar LEDs [27–29]. Despite this 
interesting polarized light emission property, research stagnated because of 
inferior material quality and low optical output power. Moreover, even though 
GaN-based LEDs grown on non-polar or semi-polar crystal planes emit some 
polarized light, growth in these directions is challenging, and very high quality 
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bulk GaN substrates have to be used to achieve acceptable light output 
intensity. These substrates are typically very small and expensive, which 
makes the commercial application of non-polar or semi-polar growth currently 
unfeasible. Instead, commercial efforts are focused on conventional polar 





















1.2 Motivation and objectives 
Since early this year, the movie “Avatar” has attracted a lot of interest on 
3D movie and 3D display. Creating the illusion of 3 dimensions relies entirely 
on the fact that we have two eyes separated by a particular distance. If each 
eye is shown the same image shot from slightly different angles then when our 
brain combines the images, the resulting image will appear 3D. This is the 
principle that all 3D effects use. In 3D movies and pictures, there are two 
images, one for each eye. The positions of objects in the images are more or 
slightly different depending on how deep they are in the picture. These 
difference forces the eyes to change their angle to merge the two images. In 
most 3D movie theaters, the two images are projected onto the screen by light 
waves whose polarizations are altered by a polarized filter. The glasses the 
viewer wears have differently polarized lenses, which allow incoming light to 
pass if light polarized in same direction as the lens, and filter it completely if it 
is polarized with a 90 degree angle difference. This allows only the correct 
image to be seen by each eye of the viewer. While it works fine in 3D theater, 
is it possible that we watch 3D movie at home simply with our laptop? Since 
there is no way to similarly create two polarized images by projecting through 
polarized filter, we need the light source which powers laptop screen to be 
polarized, namely a polarized visible LED.  
In addition to this simple example, polarized light emission attracts 
attention for general display applications as well [30-34]. It is considered to be 
a great advantage in using LEDs as liquid crystal display (LCD) backlighting 
in computer monitors and mobile phone screens, since the operation principle 
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of LCDs inherently relies on linearly polarized light. Besides to be extremely 
useful for LCD backlighting, LEDs that emit polarized light would be highly 
desirable for many applications, including sensing, imaging [35,36], and 
communication [37] based on optical polarization-multiplexing.  
Thus, the non-polar or semi-polar InGaN growth has been aggressively 
pursued since such growth for LED structures leads to partially polarized 
output. Comparatively little attention has been paid to the emission 
characteristics by state-of-the-art LEDs grown on polar substrates, which is 
actually the most commonly used in the market due to their high efficiency, 
power and long lifetime. It has been reported that light emitted in certain 
directions shows some degree of polarization [38]. Although valence band 
intermixing can result a dominant polarization along quantum well plane, it 
only emits from the edge of unpackaged LED chips [39], and hence with 
limited application. Moreover, this inherent polarization effect is eliminated by 
rotationally symmetric structures of LED packaging because their act to 
average the light rays emitted in different directions. More recently, the 
viability of the polarized light source concept based on conventional c-plane 
GaN-based LEDs has been proven following the demonstration of polarized 
light emission by c-plane LEDs and the polarization enhancing reflector and 
encapsulation concept [40-42].  The basic idea of this design takes advantage 
of the low reflection coefficient for transverse magnetic polarized light near 
Brewster’s angle, so as to enhance extraction of a particular desired linear 
polarization from an unpolarized source. However, it is clear that when the 
concept behind the polarization-enhancing encapsulation is applied to 
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real-world sources such as LEDs – which may have different emission patterns 
–the optimum shape may be different. The largest enhancement of polarization 
is achieved only when the encapsulation shape is matched specifically to the 
emission pattern of the encapsulated light source. As a result, complex design, 
fabrication and packaging process are involved, and the resulting polarization 
ratio is only up to 3.5 : 1. High polarization ratios light emitting sources will 
be a requirement if replacement of the polarizing films in conventional LCDs 
is to be achieved. Moreover, the space occupied by the reflector as designed in 
[40] also adds additional limit on the application of such polarized light 
emitter. Miniaturization and refinement to make this device that is similar in 
size to currently commercial LED is a major challenge of this technology.     
Despite these problems, companies still expressed great interest for the 
polarized LEDs, which gives great motivation to continue this research. Faced 
with the difficulty of a bottom reflector approach, we are forced to work on the 
surface. The easiest approach is to directly place conventional polarization 
elements onto the LED. Unfortunately, conventional high quality polarizer 
such as birefringent crystal has similar problem as the above-mentioned 
reflector due to its large dimension, e.g the Wollaston polarizing prisms. It is 
hardly possible to place a thin film of birefringent crystal on the LED surface 
with a size to matching to the die while leaving two electrodes uncovered for 
external connection.   
Another idea is the integration of a wire-grid polarizer on the LED surface. 
Since the key element of wire-grid polarizer is the metallic grating whose 
dimension is scalable, the concept is theoretically applicable to LED in the 
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visible regime. Moreover, compared with the other polarization elements, a 
noticeable advantage of wire-grid polarizers is that their fabrication process is 
compatible with that of solid-state diodes, which makes it possible to integrate 
them for solid-state lighting. Finally, the polarization properties can be tailored 
for specific applications by changing the physical parameters of the gratings, 
which is a feature not available with other types of polarization elements. And 
it is thought that this tight integration may give rise to high polarization ratios. 
Hence, we are motivated to investigate the development of metallic grating 
















1.3 Organization of thesis 
The subject of this thesis is to develop polarized LED by integrating 
subwavelength metallic nanograting to InGaN LED. Meanwhile, the 
polarization response of the subwavelength metallic grating extended to the 
terahertz wave is also studied. 
In Chapter 2, the theory and basic optical properties of subwavelength 
metallic grating will be presented. Numerical schemes for the simulation used 
in this thesis will be briefly introduced. 
In Chapter 3, the main experimental tools used in this project will be 
introduced, including photolithography, e-beam lithography, nanoimprint 
lithography, plasma etching, atomic force microscopy, Fourier transform 
infrared spectroscopy and terahertz time-domain spectroscopy. 
In Chapter 4, simulations are performed to model the performance of 
subwavelength grating. The choice of grating material for application in the 
visible-wavelength range and how the changes in the physical parameters of 
the grating affect its polarization properties are studied in details. 
In Chapter 5, the process flow for fabricating the polarized LED is 
discussed in details. The fabricated device is electrically pumped and 
characterized, where the EL emission shows a high degree of polarization. 
In Chapter 6, the polarization response of the subwavelength metallic 
grating extended to the terahertz wave is studied by simulation. The 
fabrication and characterization of the gratings are presented. Results show 
that subwavelength gratings are also applicable for polarizing THz waves. 
The whole thesis will be summarized in Chapter 7.  
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Chapter 2: Theory and Modeling Method 
2.1 Introduction 
The propagation of light within a bulk material is characterized by its 
refractive index that averages over the atomic structure of the medium. When 
an object has its structure comparable or larger than the wavelength of light, its 
influence on the light propagation is described by the laws of reflection, 
refraction and diffraction. Between these two extremes there is a region where 
the structure is too fine to give diffraction but is too coarse for the medium to 
be considered as homogeneous. Such a structure is called a subwavelength 
structure, which is the key element of this thesis. In this chapter we will first 
briefly introduce subwavelength structure and the effective medium theory 
(EMT), on which theory the principle of subwavelength grating will be based. 
Due to the nature of a subwavelength structure, a full description can only be 
achieved through a rigorous solution of Maxwell’s electromagnetic equations. 
We will briefly describe two rigorous numerical methods used for simulations 
performed in this thesis, namely for the frequency domain method: Rigorous 
Coupled-Cave Analysis (RCWA), and for the time domain method: Finite 







2.2 Subwavelength structure 
The physics of reflection, refraction and diffraction and basic principles of 
optical design have been well understood for a long time，which has enabled 
the successful development of optical science and technology. However, the 
optical technology has been limited by a very reasonable constraint that optical 
systems could only be designed with materials that are actually available. 
Consider a simple task of designing an anti-reflection coating to work at one 
single wavelength at normal incidence. Theoretically, a single layer will 
generate two reflected waves, one from the air/layer interface and one from the 
layer/substrate interface. If the optical thickness of the layer is such that the 
two reflected waves are exactly out of phase, and that the layer has a refractive 
index equal to the square root of that of the substrate, the two reflections will 
cancel exactly since they have the same amplitude. So a single layer could 
ideally behave as a perfect anti-reflection coating. Unfortunately most 
common optical glasses have a refractive index around 1.55, so the 
anti-reflection layer needs to have a refractive index of 1.245. Such a material 
does not exist in nature and more complex solutions are required. 
Consider, however, what will happen if we introduce into a standard bulk 
material a very fine structure, e.g., a series of holes. When the scale of the 
structure is substantially smaller than the wavelength of light, it will not be 
resolved by the light thus the light will “see” a composite material that has its 
optical properties between air and the base material. Therefore it is possible to 
control the effective index of refraction by varying the fraction of material that 




When the wavelength of light is very much greater than the dimensions of 
the structure it is possible to consider the material as homogeneous and having 
an appropriate effective value of refractive index. On the other hand, when the 
dimensions of the structure are comparable to or larger than the wavelength of 
light the optical properties are dominated by diffraction. Between these two 
extremes is a region where the dimensions are sufficiently small that no 
diffracted orders could propagate, but it is not possible to apply simple 
approximations of a homogeneous medium. This is so called “subwavelength 
domain”, where homogenization technique does not strictly apply but can give 
a good physical understanding of the medium properties. Recent developments 
in micro and nano lithography and associated technologies make it possible to 
apply these principles to practice and in particular to produce “artificial 
media” which works in the subwavelength domain. As a result, the subject of 











2.3 Effective medium theory 
Rigorous solution of Maxwell’s electromagnetic equations can be applied 
to give a full description of subwavelength structure. However, the numerical 
nature of rigorous solution makes it difficult to get an intuitive feel for 
underline physics. It is preferred to start with an approximate theory to gain 
insight into the subwavelength gratings, therefore we have used an effective 
medium theory (EMT). EMT treats heterogeneous media as a new medium 
with some effective permittivity, which is based on the permittivity of the 
constituent materials and their relative volumes [1]. EMT requires that the 
wavelength of the incident light be larger than the size scale of the individual 
media, namely the wavelength must be longer than the period of the grating. 
Under such condition, different mediums cannot be distinguished by the 
incident wavelength and their physical properties are averaged over.  
As shown by Yeh and Rytov [2-4], the effective index of refraction 
depends on the polarization of the incident light, either transverse-magnetic 
(TM) polarization, which has the electric field perpendicular to the grating, or  
transverse-electric (TE) polarization, which has the electric field parallel to the 
grating, with the simplest forms for the effective index as follows: 
 
( ) 222 1 miTE dnndn +−=                 (2.1) 










                       (2.2)   
where d is the duty cycle (the fill factor of the material inside incident 
medium), ni and nm are the refractive indices of the incident medium and the 
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material of the subwavelength structure, respectively. Consider an example of 
1D dielectric grating in air at 1550nm wavelength with a 50% duty cycle. 
Then ni = 1.0 and nm =1.5 according to the handbook of optical constant [5]. 
Solving for the effective TE and TM indices gives 1.275 and 1.17, respectively. 
The general behavior of subwavelength gratings is demonstrated by above 
results, where the effective index of the grating is different for TE and TM 
incident light. It means even though the subwavelength structure cannot be 
“seen” by the incident light whose wavelength is much larger than the 
structure dimension, the two polarizations of incident light still travel at 
different speeds inside the material. This is exactly an asymmetry behavior 
resulting from the 1D nature of the grating. Such asymmetry gives 
birefringence similar to conventional birefringent crystal in which different 
indices of refraction are seen by different polarizations in the material. The 
two different indices could be used to generate a phase retardation on the two 
polarization components when light travels through the material, thus altering 
the polarzation nature of the light. In such a way, an artificial polarization 
element is created, by using subwavelength grating. That is the idea of using 
subwavelength structure for polarization control in this thesis.  
Compared with convention polarization elements, the subwavelength 
structure could be made with much more tiny size, and be easily integrated on 
modern optical devices. Moreover, polarization properties can be tailored for 
specific applications by changing the physical parameters of the gratings, 
which is a feature not available with other types of polarization elements.  
Depending on the ratio of the period to the wavelength, there are different 
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orders of EMT, with the higher orders being more accurate. The equations 
given above are of zeroth order, which is exactly accurate when the period is 
close to zero. EMT averages over the properties of the different materials by 
making the assumption that the electromagnetic field is fairly constant over 
one period. A validity condition for this assumption was determined to be [2] 
12 <<effnpλ
pi
                    (2.3)               
where p is the period, λ  is the wavelength of the light, and neff is the 


















2.4 Subwavelength metallic grating  
The earliest device to exploit the polarization effect of subwavelength 
metallic grating was probably made by Hertz to test the properties of the 
newly discovered radio wave in 1888 [6]. Hertz used a frame of stretched 
copper wires to show that the waves were unaffected when they passed 
through the device with polarization perpendicular to the wires, but were 
stopped completely if the polarization was parallel to the wires. In 1956, 
Pursley showed that wire gratings could work in the infrared by scaling down 
the grid parameters linearly with wavelength [7]. In 1964 Bird and Parrish 
fabricated wire grids by obliquely evaporating metal on plastic diffraction 
grating replicas [8]. In 1967, Auton used photolithographic processes to 
fabricate wire-grid polarizers with periods of 4 to 10 microns. In 1978, Yeh 
introduced EMT model for wire-gird polarizer [3]. Yeh showed that the grating 
could be modeled as a uniaxial birefringent medium by assuming a period 
much smaller than the wavelength. He also found expressions for the indices 
of refraction for each incident polarization. As an example, consider the case 
of aluminum wire in air with an incident wave of 500nm wavelength with a 
50% duty cycle of any grating period. Then ni = 1.0 and nm = 0.719 – 6.080i 
according to the handbook of optical constant [5]. Solving for the effective TE 
and TM indices through (2-1) and (2-2) gives 0.515 –4.242i and 1.433 – 
0.004i, respectively. The general behavior of subwavelength metallic gratings 
is demonstrated by above result, which shows that the grating region behaves 
as if it was a metallic material for TE light therefore TE light is largely 
reflected and attenuated. The grating region behaves as a weakly absorbing 
  
21 
dielectric material for TM light, therefore it is primarily transmitted. 
Compared with the dielectric grating discussed in the last section, the 






Figure 2-1 Subwavelength metallic grating geometry. The grating is periodic 
along the x-axis and infinite along the y-axis. 
 
The physical parameters of a subwavelength metallic grating are 
illustrated in Figure 2-1. The grating is periodic along the x-axis and uniform 
along the y-axis. Using recent development of micro and nano lithography and 
associated technologies, the grating could be scaled down with the period p 
around 100nm, which is called subwavelength metallic nanograting (SMNG) 
in this thesis. For TE polarized light, the electric field is parallel to the wires 
along the y-axis as shown in Figure 2-2. Along this direction the electric field 
drives the electrons along the length of the wires. According to Drude model, 
the electrons collide with atoms in the metal lattice and attenuate the TE signal. 
These moving electrons will radiate in both the forward and backward 
directions, where the forward radiation is out of phase with the incident wave 
and reduces the transmission, while the backward radiation gives reflection. 
For TM polarization, the electric field is perpendicular to the wires in the x-z 








to move as far, which reduces both the attenuation and the radiation, thus 
enables the TM signal to pass through the wires with little change.  
 
Figure 2-2 General behavior of SMNG. The reflected light is primarily TE 
polarized, while the transmitted light is primarily TM polarized.  
 
When light is incident in the x-z plane as shown in figure 2-2, the TE and 
TM polarizations are well defined and completely separated from each other. 
This is called in-plane incidence. When light is incident outside the x-z plane, 
so called out-of-plane incidence, it is difficult to describe the behavior since 
TE and TM light are not well defined and the two orthogonal polarization 
states become coupled in the grating. The behavior of the grating stays the 
same in that the transmitted light in linearly polarized, but the modeling 
becomes more difficult. Previous calculation has shown that out-of-plane 
incidence results are quite close to that of in-plane incidence for a sufficiently 
large range of conical incident angles [9]. For this reason, in-plane incidence is 
used throughout this thesis.  
The transmission coefficient of the polarizer is defined as the percent of 
the desired polarization that transmits through the polarizer. For a 
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subwavelength metallic grating, the desired polarization in transmission is the 
TM polarization, which has the electric field perpendicular to the wires. The 
transmission coefficient is then equals to the transmissivity of TM polarization. 
The extinction ratio is defined using the transmission of the desired 
polarization divided by the transmission of the undesired polarization, shown 
as follows, 
            Transmission coefficient = TTM 
  Extinction ratio = 10×log(TTM/TTE)               (2.4) 
This ratio can range from less than one to over 40 depending on the elements 
and wavelengths involved. The transmission coefficient is a measure of the 















2.5 Numerical modeling method 
Modeling is a complementary tool to design specific optical functions and 
predict the optical properties of the nanostructures. It involves solving 
Maxwell equations numerically, combined with the boundary conditions as 
shown in Eq.2.5. While EMT can give a qualitative idea of what happens in a 
subwavelength metallic grating, more accurate model for quantitative analysis 
is also needed. Two main methods are used to solve these equations, via 
frequency domain method and time domain method. 
                         (2.5) 
 
The basic idea of frequency domain method is to directly obtain solution 
for each frequency, as shown in Eq.2.6, which involves a process for solving 
the eigenmodes. Examples are Plane wave expansion (PWE), Rigorous 
Coupled Wave Analysis (RCWA) and Finite Element Method (FEM).   
 












The Basic idea of time domain method is more straight-forward, directly 












































2.5.1 Rigorous coupled-wave analysis (RCWA) 
Rigorous coupled-wave analysis (RCWA) is widely used to study the 
optical behavior of grating surfaces. M. G. Moharam and T. K. Gaylord 
presented a RCWA that was easily adaptable to computer implementation in 
1981 [10], which covered planar dielectric gratings with TE polarization. Later 
papers extended the theory to include TM polarization [11], dielectric surface 
relief gratings [12] and metallic surface relief gratings [13]. The stability and 
efficiency of RCWA [14-19] have also been improved. We have used RCWA 
integrated in software Rsoft for this work [20].  
RCWA is an exact formulation of Maxwell’s equations. For simplicity in 
the analysis presented, we consider the incident plane wave with TM 
polarization (Magnetic field vector perpendicular to the plane of incidence. In 
this case it is also parallel to the grating wires). The TE polarization could be 






















General RCWA geometry for SMNG diffraction problem treated in this 
thesis is shown in Figure 2-3, where gratings with a rectangular profile are 
considered and an electromagnetic wave, obliquely incident upon the grating, 
produces both forward-diffracted and backward-diffracted waves. The 
electromagnetic field is broken into three regions. Region A and region C are 
the cover and substrate mediums, being homogeneous dielectric with indices 
of refraction of nc and ns, respectively. Region B is the grating region, which 
consists of a periodic distribution of both dielectric and metal. The index 




pgg ipKxznzxnzxn )exp()(~),(),( 22              (2.8) 
where Λ  is the grating period, i = (-1)1/2, Λ= /2piK  is the magnitude of 
grating vector and N is the number of diffracted orders retained in the 
calculation. )(~ zn p  is the Fourier component of the grating index. In the 
equations that follow, the subscripts g, c, and s are to denote grating, cover and 
substrate.  
For TM case, the magnetic field in region A is along the y-direction and is 
written as  
( )[ ] ( )[ ]zkxkirzxnikH czmxm
m
mccy −−+⋅+⋅−= ∑ expcossinexp 0 θθ    (2.9) 
where 00 /2 λpi=k  is the wave vector in vacuum. θ  is the angle of 
incidence, as shown in Figure 2-3. Rm and Tm are the mth-order reflection and 
transmission amplitude coefficients. Similarly, the magnetic field in region C 
is also along the y-direction and is written as  
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( )[ ]{ }∑ −+−=
m
szmxmmsy hzkxkitH exp               (2.10) 
In the grating region, the tangential fields can be expressed as Fourier 
expansions 
( ) [ ]∑ −=
m
xmymgy xikzUH exp  
       (2.11) 
Substituting (2.11) into Maxwell’s equations, the reflection and transmission 
coefficients are then found by matching the tangential field components at the 
z = 0 and z = h boundaries [13]. The final transmission and reflection 
































ttT                  (2.12) 
Similarly, for TE polarization where the electrical field vector is along the y 
direction, the electric fields in the cover and substrate regions are given by  
( )[ ] ( )[ ]zkxkirzxnikE czmxm
m
mccy −−+⋅+⋅−= ∑ expcossinexp 0 θθ  (2.13) 
        ( )[ ]{ }∑ −+−=
m
szmxmmsy hzkxkitE exp                    (2.14) 
In the grating region, tangential fields are given by  
         ( ) [ ]∑ −=
m
xmymgy xikzSE exp                           (2.15) 
By applying the boundary conditions at z = 0 and z = h in a similar way, the 


































ttT                 (2.16) 
The coefficients in the above equations are solved numerically during our 
simulation. For each run of simulation, we need to specify the index of 
refraction of the three regions, grating period, grating height, duty cycle, and 
the angle of incidence. Then the transmission and reflection efficiency could 



















2.5.2 Finite difference time-domain (FDTD)  
While RCWA is good to show the frequency response of subwavelength 
grating and to optimize the grating parameters, we would also like to have an 
insight into the physical process when light passes through the subwavelength 
structure. Finite Difference Time-Domain (FDTD) is a popular numerical 
method, because of its relatively ease of implementation, and applicability to 
arbitrary structures [21]. The principle is well known and straightforward. 
Consider a region of space in which light is travelling, Maxwell’s curl 
equations can be written in Cartesian coordinates as six simple scalar 














































              (2.17) 
The other four are symmetric equivalents of (2.17) and are obtained by 
cyclically exchanging the x, y, and z subscripts and derivatives. Maxwell’s 
equations describe a situation in which the temporal change in the E field is 
dependent upon the spatial variation of the H filed, and vice versa. The FDTD 
method solves Maxwell’s equations by first discretizing the equations via 
central differences in time and space and then numerically solving these 
equations [20]. 
The most common method to solve these equations is based on Yee's 
mesh [22] and computes the E and H field components at points on a grid with 
grid points spaced ∆x, ∆y, and ∆z apart. The E and the H field components are 
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then interlaced in all three spatial dimensions as shown in Fig. 2-4. 
Furthermore, time is broken up into discrete steps of ∆t. The E field 
components are then computed at times t = n ∆t and the H fields at times t = 
(n+1/2) ∆t, where n is an integer representing the step count. For example, the 
E field at a time t = n ∆t is equal to the E field at t = (n-1) ∆t plus an additional 
term, ∆E, computed from the spatial variation, or curl, of the H field at time t. 
 
Figure 2-4 In a Yee cell of dimension ∆x, ∆y, ∆z, note how the H field is 
computed at points shifted one-half grid spacing from the E field grid points 
[22]. 
 
This method results in six equations that can be used to compute the field 
at a given mesh point, denoted by integers i, j, k. For example, two of the six 
are: 








































  (2.21)  
These equations are iteratively solved in a leapfrog manner, alternating 
  
32 
between computing the E and H fields at subsequent ∆t/2 intervals [20]. 
Using this leapfrog manner, each field component in anywhere and at any 
time point could be calculated based on the field of the previous time step 
itself and the surrounding component. Thus the field distribution at any time 
point could be shown. A dramatic picture of how light flows through the 
material with any structure could be viewed by FDTD as well. In this thesis, 
we will use the FDTD in software [20, 23] to simulate the physical process of 
light transmission through subwavelength grating. Basically, to initiate a 
FDTD simulation, we need to specify the map of distribution for the index of 
refraction of the whole simulation regions, locate the light source and specify 
its frequency. Then the field distribution of the whole simulation region at any 
time point could be calculated.  
Besides above obvious advantage of simplicity, FDTD is a time 
consuming method due to the iterative calculation process. FDTD is also 
limited in the application for non-dispersive materials, such as the case of 
calculating transmission spectrum of metallic grating in visible wavelength for 
this work, because the dispersion model is in spectrum domain. RCWA is a 
good frequency domain method to solve this problem. 
2.6 Summary 
For subwavelength structures, a first order approximation on the effect of 
TE and TM wave propagation can be obtained using EMT. For a grating this 
first order approximation is accurate when the period satisfies the condition 
(2.3). For more detailed computations, Maxwell’s equations have to be solved 
numerically using either the RCWA or FDTD method.  
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Chapter 3: Fabrication and Characterization Tools 
3.1 Introduction 
In this chapter, an introduction is given to the main experimental tools, for 
both fabrication and characterization, used throughout this project. The 
working principle of the tools, instrumentation, primary parameters, and 
specific application in this project are presented in detail. 
3.2 Process tools 
3.2.1 Photolithography  
Photolithography is the process of transferring geometric patterns on a 
mask to a thin layer of photo-sensitive material (e.g. photoresist) covering the 
surface of a semiconductor wafer. Figure 3-1 shows the schematic diagram of 
photolithography used in this work using positive and negative resist. The 
wafer is initially heated to a temperature sufficient to drive off any moisture 
that may be present on the wafer surface. A liquid or gaseous "adhesion 
promoter", such as hexamethyldisilazane (HMDS), is applied to promote 
adhesion of the photoresist to the wafer. This layer prevents the aqueous 
developer from penetrating between the photoresist layer and the wafer surface, 











Figure 3-2 SUSS Mask Aligner MA8 in IMRE 
 
The equipment used in this work is the KARL-SUSS Mask Aligner MA8 
(Figure 3-2) available in IMRE, which uses an ultraviolet light source from a 
gas-discharge lamp using mercury. These lamps produce light across a broad 
spectrum with several strong peaks in the ultraviolet range. This spectrum is 
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filtered to select a single spectral line, the so called "i-line" (365 nm). The 
minimum feature size for reliable pattern transfer and reproduction is 1um. It 
allows the alignment of masks sequence, which is important for LED 
processing in this work.  
Figure 3-3 shows the basic recipe for photolithography used in this work. 
After cleaning and dehydration bake, the wafer is covered with photo resist by 
spin coating. A viscous, liquid solution of photo resist is dispensed onto the 
wafer. In this work, the spin coating is applied with the wafer spun at 1200 to 
4800 rpm for 30 to 60 seconds, and produces a layer between 6.5 and 1.2 um 
thick according to our requirement. The spin coating process results in a 
uniform thin layer, with uniformity of within 5 to 10 nanometres. This 
uniformity can be explained by detailed fluid-mechanical modelling, which 
shows that essentially the resist moves much faster at the top of the layer than 
at the bottom, where viscous forces bind the resist to the wafer surface. Thus, 
the top layer of resist is quickly ejected from the wafer's edge while the bottom 
layer still creeps slowly radially along the wafer. In this way, any 'bump' or 
'ridge' of resist is removed, leaving a very flat layer. The photo resist-coated 
wafer is then prebaked typically at 90 to 100 °C for 30 to 60 seconds on a 
hotplate to drive off excess photoresist solvent. The evaporation of liquid 




Figure 3-3 Basic Recipe for photolithography used in this work. The spin 
speed is 4800 rpm to achieve 1.2 um thickness AZ5214 resist. The exposure 
uses i-line 365nm. 
 
After prebaking, the photoresist is exposed to a pattern of intense light. 
Optical lithography typically uses ultraviolet light. Positive photoresist, as 
used in this work, becomes soluble in the basic developer when exposed, 
while negative photoresist becomes insoluble in the (organic) developer. A 
post-exposure bake can be performed before developing, typically to help 
reduce standing wave phenomena caused by the destructive and constructive 
interference patterns of the incident light. The image for the mask is converted 
from a computerized data file to a series of polygons and written onto a square 
fused quartz substrate covered with a layer of chrome, which can be etched 
away, forming the pattern on the mask. The time used for development of the 
photoresist after exposure depends on the resist type and thickness chosen. 
The process parameters for three types of resist mainly used in this work are 




Figure 3-4 Photolithography parameters for photoresists used in this work 
 
The main advantage of using a mask aligner is the alignment of multiple 
masks in sequence to form the device structure. Figure 3-5 shows the aligned 
patterns from multiple masks which form the GaN LED arrays in this work. 
However, the minimum feature size of our mask aligner limited by diffraction is 
1um, as shown in Figure 3-6, where the 1um wide grating (bottom) shows much 
lower contrast than 6um width grating (top). Advanced lithography techniques 









Figure 3-6 Microscope image of grating patterns generated by our mask align. 
The grating with 1um width (bottom) shows much lower contrast than that 
with 6um width (top).
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3.2.2 Electron-beam lithography 
The technology for electron-beam lithography (EBL) evolved from the 
scanning electron microscopes, which is introduced in the later part of this 
chapter. The main advantage of EBL is its very high resolution to create 
extremely fine patterns [1]. EBL consists of scanning a finely focused beam of 
electrons across a surface covered with an electron-sensitive resist film, 
thereby depositing energy in the desired pattern in the resist film. The main 
attributes of this technology includes: (1) capability of very high resolution 
(sub-10nm), (2) it can work with a variety of materials and infinite number of 
patterns, (3) a few orders of magnitude slower than optical lithography, (4) 
complicated instrumentation which costs many millions of dollars and require 
frequent maintenance. 
The resolution of an e-beam lithography system is first determined by the 
beam diameter, which can be as small as a few nanometers. The ultimate 
resolution however is dependent on a number of parameters, such as the beam 
accelerating voltage, the type of substrate material, the resist material and 
thickness, and the resist development process. One of the dominant 
mechanisms that influence pattern resolution is electron scattering when the 
electrons hit the sample. Electrons traveling through a resist material undergo 
collisions with the constituent atoms, which cause the electrons to scatter and 
thus spread out the electron beam and increase the beam width. Most of the 
collisions occur in the substrate material, which cause the electrons to be 
scattered backwards into the resist, exposing the resist over a large area. This 
backscatter is dependent on the substrate material’s atomic number, and higher 
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numbers will scatter more electrons.  
As a result, the dose delivered by the electron beam tool is not confined to 
the shapes that the tool writes thus the nominal exposed area can be broadened 
or distorted depending on the pattern such as if there is a bent. Such an effect 
is called the proximity effect. A number of schemes can be used to correct or 
minimize the proximity effect, such as dose modulation [2], pattern biasing [3] 
and GHOST [4]. E-beam resists are the recording and transfer media during 
e-beam lithography. In positive resists, electron irradiation breaks polymer 
backbone bonds into fragments of lower molecular weight. A solvent 
developer selectively cleans away the fragments, thus a positive tone pattern is 
formed in the resist film. Typical electron-beam resists are organic polymers 
such as polymethylmethacrylate (PMMA), which has very high resolution, the 
ability to form multi-layers for lift-off processes, but has poor resistance to 
plasma etching. Instead, the ZEP resist can work as a better etching mask. The 
negative resists work by cross-linking the polymer chains together during 
e-beam exposure, rendering them less soluble in the developer. Special care 
must be taken to resolve the charging problem that may cause considerable 
distortion when the e-beam exposure is performed on insulating substrates.  
Primary application of e-beam lithography is for mask-making to support 
integrated circuit industry, typically the chrome-on-glass masks used in optical 
lithography. It is preferred because of its flexibility in providing rapid 
turnaround with the pattern described only by a computer CAD file. The 
second application is direct writing for manufacturing of small volume 
specialty products such as GaAs integrated circuits and optical waveguides [5]. 
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Last, e-beam lithography is also used in the research of scaling limits of 
integrated circuits [6]. In addition to these applications, e-beam lithography 
has also been widely used as a powerful nanolithographic tools in the research 
of nanoscience and nanotechnology.  
In this project, we perform e-beam lithography using a Sirion 200 scanning 
electron microscope equipped with a Nabity Nanometer Pattern Generation 
System (NPGS). Figure 3-7 shows a schematic NPGS setup. A Picoammeter is 
used to read the beam current hitting the sample. A beam blanker is installed, 
which has a response time of less than 5 µs at the output voltage of 135 V in 
our system, as shown in Figure 3-8. The basic steps for the pattern generation 
process consist of the design of patterns, creation of parameter run file, and 
pattern writing with alignment for multilevel lithography. Pattern sizes may 
range from the maximum field of view of the microscope down to the 
nanoscale. However, the writing resolution will decrease as the field size is 
increased. For the nanograting pattern generated in this work, a maximum 
field size is 300um by 300 um square. 
Multi-pixel exposure scheme was employed, in which a single pattern is 
divided into many exposure pixels. The pixel dose, namely the dosage for each 
exposure pixel, is given by the product of the beam current and the dwell time 
of beam current staying on that pixel. The beam current must be adjusted 
according to the minimum size of the pattern. We use beam current of 20 pA 
for structure with periodicity less than 400nm in this project. The 
corresponding pixel spacing was selected to be 20 nm. The pixel dosage could 
be used as a lithographic tuning of pattern dimensions within same period.  
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Due to the trial and error nature of the e-beam writing process, the electron 
beam control parameters like stigmatism and dosage control always need 
adjustment from time to time, and various undesired patterns can result, e.g. 
pattern bias and non-uniformity, over-dosage, under-dose, as well as over 
develop time as shown in Figure 3-9. After optimizing the dosage and 
developing time, and most importantly, adjusting stigmatism, uniform pattern 
could be achieved having tunable holes size within same period, namely duty 
ratios, as shown in Figure 3-10.  
 
Figure 3-7 Schematic diagram of a Nabity Nanometer Pattern Generation 





Figure 3-8 Equipment for e-beam lithography setup at Singapore Synchrotron 
Light Source (http://ssls.nus.edu.sg) in this work 
 
  
(a)                                 (b) 
  
(c)                                  (d) 
Figure 3-9 SEM images of various undesired patterns formed on the e-beam 
resist. (a) pattern bias and non-uniformity (b) over-dosage (c) under-dose (d)  






(a)                                 (b) 
Figure 3-10 SEM images of uniform pattern with duty ratios (a) ½ and (b) ¾ 
 
Repeatable nanowall pattern formed after development without distortion 
due to proximity effect has minimum width of 50nm. Further increasing the 
exposure dose or putting neighboring holes closer will distort the pattern as 
verified in experiment. At this limit the pattern is uniform over a large area as 
shown in Figure 3-11. It is noted that, the stigmatism has to be extremely well 










Figure 3-11 SEM image of pattern with minimum width of 50nm. Further 


















3.2.3 Nanoimprint lithography 
A major drawback of EBL is that it is a serial process. Patterns are 
exposed on a point-by-point basis. As a parallel process, nanoimprint 
lithography (NIL) was first developed by Stephen Y. Chou’s group in 1996 [7]. 
NIL involves a pattern transfer from a rigid mould to a thin layer of polymer, 
followed by removing the residual polymer in the recessed areas of the 
patterns. NIL can be divided into two major categories depending on how the 
patterns are transferred to the polymer layer,: thermoplastic NIL and step and 
flash imprint lithography (SFIL) [8]. In a thermoplastic NIL process, the resist 
layer is physically deformed by the pre-defined patterns on the mould with a 
temperature above the glass-transition point of the polymer. In SFIL, UV 
curable liquid resist is coated on the substrate, which gets solidified after being 
cured in UV light under pressing of the mould. NIL has the advantages of 
simplicity, high throughput and low cost. A fine resolution down to 10 nm can 
be achieved as it is not limited by diffraction or scattering effects that are 
involved in optical and e beam lithography process. The disadvantages and 
issues for NIL involve template fabrication and the residue layer removal. The 
template fabrication relies dominantly on e-beam lithography, so the 
throughput is still very low. The existence of a residual layer is characteristic 
of NIL, which affects the control for critical dimension. NIL has been 
extensively used for the fabrication of devices for optical, electrical, photonic, 
magnetic and biological applications [9-14]. Three-dimensional (3-D) 
structures can be directly patterned by NIL with reduced number of process 
steps [11]. Currently the most popular mould materials include Si and Ni. The 
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polycrystalline Ni moulds have the advantages of high corrosion resistance 
and elastic deformability, thus are considered as a more industrially relevant 
alternative compared with the Si counterparts [15].  
In this project, the thermoplastic NIL was carried out in an Obduct NIL-4 
nanoimprinter system. The maximum working temperature and pressure are 























3.2.4 Plasma etching 
Etching is a necessary process to fabricate polarized LED in this thesis. 
There are many different types of etching, which can be grouped as isotropic 
etching and anisotropic etching. Isotropic etching, typically done in hot acid 
baths, has the advantage of simplicity. This is the reason we tried wet etching 
for subwavelength grating fabrication initially. However, because the etch will 
act in all directions, its usefulness is limited to the fabrication of large feature 
sizes. Beyond its isotropic nature, the surface tension of the chemical bath is 
often high enough so that it will not penetrate between two closely spaced 
resist strips and no etching takes place. So we pursued anisotropic etching, 
which normally use a high-speed stream of plasma to produce the ions to 
remove target materials. This method is called plasma etching. 
Plasma etching is widely used for pattern transfer in semiconductor 
manufacturing. Two main plasma etching will be used in this project, the first 
is known as ion beam etching or ion milling, where energetic ions strike the 
sample and chip away the surface by momentum transfer, atom by atom. The 
second is though chemical reactions, where reactive particles attack the sample 
surface and convert the atoms into volatile compounds. Through a balance of 
chemical reaction and physical milling, high etch rates and high anisotropy 
can be achieved in an optimized etching process, known as reactive ion 
etching (RIE). Both etching processes use plasma to produce ions for etching. 
The difference is the composition of the plasma. In ion milling, the plasma is 
non-reactive, such as argon. In RIE, the plasma constituents depend on the 
material to be etched.  
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3.2.4.1 Ion Milling 
Ion milling is a technique conceptually similar to sandblasting. In place of 
actual grains of sand, submicron ion particles are accelerated and bombard the 
surface of the target which is mounted on a rotating table inside a vacuum 
chamber [16]. The target is typically a wafer or substrate that requires the 
material to be removed by atomic sandblasting or dry ion etching. As with any 
etching process, a mask, e.g. photoresist, is applied to the work element to 
protect areas not to be etched prior to its introduction into the ion miller. The 
resist protects the underlying material during the etching process which may 
be up to four hours or longer, depending upon the amount of material to be 
removed and the etch rate of the materials.  
During ion milling process, Argon ions contained within the plasma are 
formed by an electrical discharge and are accelerated by a pair of optically 
aligned grids. The highly collimated Argon ion beam is focused on a tilted work 
plate that rotates during the milling operation. This ensures uniform removal of 
waste material resulting in straight side walls in all features with zero 
undercutting. The work plate can be angled to address specific requirements, 
but it usually sits at an angle 8 to 10 degrees to the ion beam. A neutralization 
filament uses an independent electron source to prevent the buildup of positive 
charge on the work plate. The highly collimated, directional ion flux allows for 
anisotropic etching of any material. The precision and its attendant repeatability 
is ultimately the key strength of the strongly collimated ion beam milling 
process.  Other methods of etching such as the chemical process simply do not 
deliver the same level of precision that an ion beam etch can.  That is the main 
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reason we use ion milling as our fabrication tool of subwavelength grating. 
Furthermore, for some materials such as Platinum that cannot be etched 
effectively using a chemical process, ion milling can just provide a universal 
etching solution.  
In this work, we will use ion milling to etch away some portion of metal 
layer with resist as the etching mask, so as to form metallic grating by 
transferring the grating pattern from resist to metal layer. Figure 3-12 shows 
the SEM image of uniform aluminum grating fabricated by ion-milling 
process. The gratings in images (a) and (b) with different magnification have 
grating period of 2um defined by photolithography, where AZ5214 photoresist 
with a thickness of 1.3 um is used as the mask for ion milling. The gratings in 
the two lower images with different magnification show grating period of 500 
nm defined by nanoimprint lithography, where PMMA with a thickness of 
230nm is used as the mask for ion milling. In both cases the thickness of 
aluminum layer is 200nm and the ion milling duration is 15 min. The ion 
milling power is 160W , with a beam current of 110 mA, the chamber pressure 
during process is about 41047.3 −× Torr. 
  








Figure 3-12 SEM image of uniform aluminum grating fabricated by 
ion-milling process. (a) and (b) are images with different magnification for 
grating period of 2um defined by photolithography. (c) and (d) the lower two 
images are images with different magnification for grating period of 500 nm 
defined by nanoimprint lithography. 
 
To determine the etching rate of aluminum under ion milling, we 
measured the etch depth on aluminum before it being completely etched away. 
Figure 3-13 shows the cross section SEM view of the aluminum grating 
partially etched by ion milling. The cross section profile of aluminum grating 
is almost rectangular in shape with its sidewalls remaining vertical and clean. 
The etch depth measurement shows an etch rate of 15 nm /min.    
           
Figure 3-13 Cross section SEM view of aluminum grating before it being 




3.2.4.2 Reactive ion etching 
Reactive ion etching (RIE) is a widely utilized dry-etch technique and 
requires a relatively simpler apparatus compared to ion beam etching [17, 18]. 
In a typical RIE process, BCl3 is used for the etching of GaN. The major two 
types of reaction species involved in RIE are the radicals (Cl*), namely atomic 
species in excited states produced from dissociation, and the ions (Cl-, BCl2+) 
produced from ionization [19]. As the energy required for ionization is much 
higher than that for dissociation, the number of radicals is much larger than 
that of ions, therefore the neutral Cl* radicals are responsible for chemical 
reaction. The reaction products of GaCl2, and GaCl3 are volatile and can be 
easily removed.  
In this project, plasma etching is primarily used for InGaN LED mesa etch 
using an ICP-RIE system (Unaxis Shuttle Lock ICP System). The optimized 
process condition for ICP etching use 20sccm BCl3 and 10 sccm Cl2 under 











3.3 Characterization tools 
3.3.1 Scanning electron microscope 
The scanning electron microscope (SEM) is an extensively used tool to 
produce images of a sample surface with high resolution. A typical SEM 
contains an electron gun, a focusing/lens system, an electron detector and a 
cathode ray display tube (CRT) [20]. The source electrons can be produced by 
field emission. The acceleration voltage can range from a few hundred volts to 
50 kV. Condenser lenses can focus the electrons into a fine beam spot of a few 
nanometers. The spatial resolution of the SEM depends on the size of the 
electron spot which in turn depends on the magnetic electron-optical system. 
Interaction of primary electrons with the sample surface leads to the 
emission of various signals including secondary electrons, back-scattered 
electrons and X-rays, as is shown schematically in Figure 3-14. The most 
commonly used imaging mode monitors secondary electrons that have low 
energy (< 10 eV). Only those secondary electrons close to the surface can 
escape from the surface and be detected due to low energy. Hence, the images 
formed by the secondary electrons are a good description of the surface 
topography of samples. The electrons are detected and the resulting signal is 
rendered into a 2-D intensity distribution that can be viewed as a digital image. 
Back scattered electrons can also be detected, which could be used to 
detect contrast between areas with different chemical compositions, since 
heavy atoms with a high atomic number scatter electrons more than the light 
ones. Energy-dispersive (EDX) and wavelength-dispersive spectrometers can 




In this project, the Sirion 200 field emission SEM is used to characterize 
the surface morphology of sample. An acceleration voltage of 5-10 kV was 
used in most of the subsequent experiments, which could give resolution of 
50nm feature size. A thin Au layer was coated on sample surface to avoid 
charging effect. 
 













3.3.2 Atomic force microscopy 
 
The atomic force microscopy (AFM) is one type of scanning probe 
microscopy, where a sharp probe is scanned across a surface and the 
probe/sample interaction is monitored. There are three primary modes of AFM: 
contact mode, non-contact mode and tapping mode [21]. 
Tapping Mode (TM) AFM operates by scanning a tip attached to the end 
of an oscillating cantilever across the sample surface, as shown in Figure 3-16. 
The cantilever oscillates at its resonance frequency (typically 200 ~ 400 kHz) 
with an amplitude ranging typically from 20 nm to 100 nm. The motion of the 
cantilever is sensed by a position- sensitive photodetector. The tip lightly 
“taps” on the sample surface during scanning, contacting the surface at the 
bottom of its swing. Constant tip-sample interaction is maintained during 
imaging by maintaining a constant oscillation amplitude. One advantage of 
TM AFM over contact mode AFM is the virtual elimination of lateral shear 
forces, which often results in the scrapping and damage of soft samples. A 
typical lateral resolution of 1 nm ~ 5nm can be achieved in TM AFM. The 
shape of the tip (the radius of curvature and tip sidewall angles) also affects 











Figure 3-15 Schematic instrumental setup of Tapping Mode AFM [21] 
 
 
 In this project, a TM AFM from Digital Nanoscope was used to 
investigate the surface morphology of the nanostructures with sub-100-nm 
lateral dimensions. With sharp silicon tips, the detailed structural information 
was obtained. Extreme care should be taken when manipulate the AFM 
cantilever because it is fragile and expensive, especially for the case of 
scanning nano-gratings or nano-slits in this work where the tip with high 
aspect-ratio is used  
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After mounting the cantilever into the holder, it is aligned with the help of 
a red laser to ensure that the laser spot is located at the tip-side so that the 
reflected light hits the center of the detector to get an optimal signal. After 
tuning the cantilever and resetting it to zero-phase, the region of interest is 
chosen under microscope and the tip is brought to close vicinity of the sample 
surface by the feedback electronics. Then a rough scan with high scan rate is 
started and the signals are monitored by the trace and re-trace information. If 
the trace information and re-trace information are close to each other, the 
signal is considered to be accurate. Then a fine scan is performed with a lower 
scan rate to obtain high quality images. 
Figure 3-16 is the AFM image showing 3D surface morphology and cross 
section profile of the hexagonal packed holes array fabricated by e-beam 
lithography as discussed in previous section. The AFM result is in agreement 





Figure 3-16 AFM image showing 3D surface morphology and cross section 















3.3.3 Fourier transform infrared spectroscopy (FTIR) 
Fourier transform infrared spectroscopy (FTIR) is a technique which is 
used to obtain an infrared spectrum of absorption or emission. An FTIR 
spectrometer simultaneously collects spectral data in a wide spectral range.  
Figure 3-17 shows the VERTEX 80 vacuum FTIR spectrometer used in 
this work. It is equipped with optical components to cover the spectral range of 
terahertz. Just like any spectroscopy, the goal of our FTIR measurement is to 
measure how well a sample absorbs light at each wavelength. The most 
straightforward way to do this is to shine a monochromatic light beam at a 
sample, measure how much of the light is absorbed, and repeat for each 
different wavelength. Here we use an efficient way to obtain the same 
information. Rather than shining a monochromatic beam of light at the sample, 
our FTIR shines a beam containing many different frequencies of light at once, 
and measures how much of that beam is absorbed by the sample. Next, the beam 
is modified to contain a different combination of frequencies, giving a second 
data point. This process is repeated many times. Afterwards, a computer takes 
all this data and works backwards to infer what the absorption is at each 
wavelength through Fourier transform. Since the raw data collected for light 
absorption at each mirror position belongs in the length domain, Fourier 
transform inverts the dimension to the reciprocal length domain, which is the 




       


































3.3.4 Terahertz time-domain spectroscopy (THz-TDS) 
Terahertz time-domain spectroscopy (THz-TDS) is a spectroscopic 
technique in which the properties of a material are tested by short pulses of 
terahertz radiation. The generation and detection scheme is sensitive to the 
sample material's effect on both the amplitude and the phase of the terahertz 
radiation, thus can provide more information than conventional 
Fourier-transform spectroscopy, which is only sensitive to the amplitude. 
Typically, the terahertz pulses are generated by an ultra-short pulsed laser and 
last only a few picoseconds. A single pulse can contain frequency components 
covering the whole terahertz range from 0.05 to 4 THz.  
In this work, the THz-TDS setup utilizes a 76MHz fs laser. The spectral 
range of this setup is 0.1~4THz with spectral resolution 15GHz. The THz 
radiation from the THz-TDS is linearly polarized. After warm up of the laser, 
we first do an air background scan.  After that we scan our sample by placing 
the sample grating parallel or perpendicular to the inherent polarization 
direction of the THz radiation, this corresponds to TE and TM incidence, 
respectively. For every scan we need to wait about 60 sec for the signal to get 
stabilized after placing the samples. Finally, we can get both time domain signal 
and transmission spectrum in frequency domain through Fourier transform. 
3.4 Summary 
The main fabrication and characterization tools used in this project have 
been reviewed, namely photolithography e-beam lithography, nanoimprint 
lithography, plasma etching, SEM, AFM, FTIR and THz-TDS. 
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Chapter 4: Simulation and Design of Subwavelength 
grating 
4.1 Introduction 
In this chapter we will use Rigorous Coupled Wave Analysis (RCWA) and 
Finite Difference Time Domain (FDTD) method to model the performance of 
subwavelength grating and design polarized LED. The choice of material to 
use for visible-wavelength subwavelength metallic grating is discussed, and 
the effect of the physical parameters on the polarization properties is 
investigated in details.  
4.2 Comparison of different metals 
An important consideration for visible subwavelength metallic 
nanograting (SMNG) is the correct choice of metal for the grating. In the 
infrared and especially the microwave regions of the spectrum, metals are 
typically assumed with reasonable accuracy to have infinite conductivity. In 
the visible, however, this assumption is not justified and cannot be made. Like 
all materials, the indices of metals change a great deal over the visible 
spectrum. It is then important to find the complex value of the indices of 
refraction for various metals and compare them to find the most suitable 
material for visible polarization applications.  
 Unfortunately, thin metal films are difficult to characterize. The indices of 
refraction vary with changes in growth conditions, such as temperature, 
thickness, vacuum level, deposition technique, growth rate, and with 
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wavelength. E. D. Palik’s Handbook of Optical Constants of Solids is one of 
the definitive works on the subject and was used to determine base values for 
the metal indices of refraction in this thesis [1]. The real and imaginary parts 
of the index of refraction for aluminum, gold and silver are shown in Figure 
4-1. As can be seen, there is quite a variation between the indices of the metals 
and each of them shows considerable dispersion over the visible spectrum.  
To ensure accurate results, when a wavelength evaluation is done at a 
wavelength that is not in the table, the n and k values for that certain 
wavelength were determined by linearly interpolation from the data presented 
in Figure 4-1. Based on these values, the transmission spectra were calculated 
using RCWA for aluminum, gold and silver in order to select the best material 
for the metal grating. The dimension of sample grating used for this 













































































































Figure 4-1 The real and imaginary parts of the index of refraction for 
























Figure 4-2 Transmission efficiency calculated by RCWA for aluminum, gold 
and silver grating in visible range. The dimension of sample grating used for 
this calculation has a period of 150nm, grating height of 120nm and duty cycle 
of 0.5. 
 
As shown in Figure 4-2, aluminum gives the highest transmission 
efficiency in average of whole visible range compared with silver and gold. 
Gold, while being the material of choice for infrared applications, is not as 
good for the visible wavelength. Silver sits in the middle. As can be seen from 
Figure 4-1, the material with the highest imaginary values of refractive index 
is the best choice for used in grating polarizers. Aluminum also adheres well to 
substrates, is relatively easy to deposit, and is commonly used in 
semiconductor industry, making it a very attractive choice from a fabrication 
point of view as well. It is known that upon exposure to the atmosphere at 
even a pressure as low as 5 x 10-6 Torr [2], a thin dielectric oxide layer forms 
on the surface of the aluminum, generally from 2.0 to 5.5 nm thick on the 
aluminum [1]. We repeat the simulation of aluminum grating shown in Figure 
  
66 
4-2, but with 5nm oxide added having index of refraction is 1.77 [1]. It shows 
that this oxide film has only a small effect on the performance of the grating.  

















 with 5nm oxide
 
Figure 4-3 The effects of the oxide layer on the properties of an aluminum 
grating. The grating parameters are same as in Figure 4-2. 
 
Most metals including silver also form such an oxide layer, with the 
exceptions of gold and platinum. While gold does not form an oxide, it has a 
low transmission at shorter wavelengths (<650 nm), a low extinction ratio, and 
suffers from adhesion problems. Often a thin layer of a different metal such as 
titanium is required because the gold will not adhere to the substrate, 
complicating the design and fabrication process. Other metals, not shown here, 






4.3 Effect of physical parameters of gratings 
There are four important physical parameters influencing the performance 
of SMNG. These are the period, duty cycle, thickness and the angle of 
incidence of the beam. From a design point of view, our idea is to perform 
simulation to investigate how the grating performances are influenced by these 





















4.3.1 Period of grating 
The most important physical parameter in a SMNG is the period. The 
period is the length of repeating unit, p, as defined in the Figure 2-1. The 
period determines the minimum wavelength that can be effectively polarized 
and, from a manufacturability point-of-view, sets limits on reasonable values 
for the duty cycle and wire thickness. The duty cycle is the ratio of the 
distance occupied by the wire over the period, namely f = d / p as defined in 
the Figure 2-1.  
It is shown in Figure 4-4 that, as the period is reduced, the transmission 
coefficient (b) and the extinction ratio (c) both increase. The transmission 
coefficiency and the extinction ratio are defined in Eq. 2.4. 
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(c) 
Figure 4-4 Polarization performance vs. period of grating. The wire thickness 
is 120 nm, the duty cycle is 50%, and it is at normal incidence. Reducing the 
period increases both the transmission efficiency and extinction ratio of the 
grating. 
 
These results can be anticipated by understanding the qualitative 
description of WG polarizers. As the period is reduced, the wires become 
  
70 
closer together and it is easier for the TE field to excite the electrons to along 
the length of the wires. Similarly, the wires are narrower for the TM field and 
so the electrons have even less space in which they can vibrate. This results in 
an increase in the attenuation of the TE light and a decrease in the attenuation 
of the TM light (thus an increase in the transmissivity of TM light). Therefore 
the polarizer has a higher transmission coefficient and a higher extinction ratio. 
This increased attenuation of the TE light for reduced period could also be 
understood by EMT theory. As described in Chapter 2, the subwavelength 
metallic grating is equivalent to a metal sheet for TE light under EMT 
approximation. EMT approximation prefers that the period is as small as 
possible compared with the wavelength. Therefore, with reduced period, the 
subwavelength metallic grating is more closed to a metal sheet, thus there is an 
increased attenuation. Ultimately, the period should be as small as possible for 













4.3.2 Duty cycle of grating 
The effect of changing the duty cycle is illustrated in Figure 4-5. For a 
given period and wire thickness, increasing the duty cycle increases the 
extinction ratio at the cost of a reduced transmission coefficient while 
decreasing the duty cycle has the opposite effect. By varying the duty cycle, 
we can fine tune a SMNG to get the exact behavior required. For example, if a 
high extinction ratio is vital, we can sacrifice some transmission to increase 
the extinction ratio by increasing the duty cycle. This behavior can also be 
understood qualitatively. As the duty cycle is increased, the wires get closer 
together, again allowing the TE field to easily excite the metal electrons and 
attenuate the TE field. However, the wires also get wider, and so the TM field 
can also more easily excite the electrons to move, attenuating the TM field and 
reducing the transmission coefficient. The increased attenuation in the TE field 
is proportionately higher than the reduction in TM transmission, leading to an 
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(c) 
Figure 4-5 Polarization performance versus duty cycle. The grating period is 
150nm, wire thickness is 120 nm, and it is at normal incidence. As the duty 
cycle increases, the transmission coefficient decreases and extinction ratio 














4.3.3 Thickness of grating 
Not surprisingly, as the thickness of the grating s is increased, the TE 
transmission is reduced. Since the TE light sees the grating region as an 
absorbing film, increasing the grating thickness increases the absorption.  
The TM light sees the grating region as weakly absorbing dielectric material. 
Both of these effects lead to a greatly increased extinction ratio for the 
polarizer. This is illustrated in Figure 4-6, where the sinusoidal behavior of the 
transmission coefficient is due to interference effects, similar to other thin 
films. Unfortunately it is not possible to set the wire thickness to maximize the 
transmission coefficient for the entire visible region, as the maximum changes 
with wavelength. For a SMNG designed for a narrower wavelength band, the 
thickness could be optimized further for maximum transmission.  
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(c) 
Figure 4-6 Polarization performance versus grating thickness. The grating 
period is 150nm, the duty cycle is 50%, and it is at normal incidence. The 




4.3.4 Angle of incidence 
Finally, we look at the angle of incidence. The angle of incidence is 
defined asθ  in x-z plane shown in Figure 2-3. As can be seen from Figure 4-7, 
the polarization properties improve with an increase in the angle of incidence 
of the light. This is due to the increased effective thickness of the grating 
region with increasing angle of incidence. Because the TE light sees the 
grating region as an absorbing material, increasing its effective thickness 
increases the TE attenuation. Similarly, because the TM light sees the grating 
region as a dielectric material, the increased effective thickness also changes 
the transmission properties of the gratings in a similar manner to any other thin 
film. The combination of these two effects leads to the improvements in 
polarization properties with increasing angle of incidence.  
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(c) 
Figure 4-7 Polarization performance versus angle of incidence. The grating 
period is 150nm, the duty cycle is 50%, wire thickness is 125nm, and it is at 
normal incidence. The polarization properties actually improve with increasing 





4.4 Field distribution of light propagating through the grating 
While RCWA is good to show the performance of the grating at different 
wavelengths and to optimize the parameters, we would also like to see the 
physical process of light propagating through the grating. Thus we use FDTD 
to simulate the distribution of the electromagnetic field around the grating 
when light is passing through it. 
The SMNG structure used in simulation is periodic along the x-axis and 
uniform along the z-axis. As shown in Figure 4-8(d), grating period is 150nm, 
grating height is 200nm and duty cycle is 0.5. Plane wave incidence comes 
from top of the grating, with wavelength of 550nm. Aluminum is used as the 
material of grating, with refractive index according to Palik’s handbook. Again, 
we define incident light as TM polarized light if the electric field of incident 
light is perpendicular to the grating wires, and TE polarized light if the electric 
field of incident light is parallel to the grating wires. Generally, the intensity of 
light can be expressed by the sum of the amplitude squares for all electric field 
components, i.e. |E|2 = |Ex|2+|Ey|2+|Ez|2 . For TM incidence, the electric field is 
in the x-y plane, thus Ez = 0. And Ey = 0 for normal incidence. For TE 
incidence, electric field is along z-axis, thus Ex = Ey = 0 for both normal and 
oblique incidence.  
Figure 4-8 (a) to (c) show the field distribution for normal incident of TM 
polarization, where the color bars specify the range of value for field 
amplitude and intensity. Let’s first look at (a) the plot of Ex amplitude. Light 
incident from the top of the grating, where the amplitude of plane wave is 
changing periodically. In the grating region, the amplitude reaches maximum 
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since the wave is concentrated insides the slits. Inside the metal grating itself 
where zero amplitude is shown, light is unable to propagate except for a little 
penetration at the surface. After light transmits through the grating region, the 
amplitude changes back to plane wave again, with smaller variation period 
than the incidence light because the refractive index of substrate shortens the 
wavelength.   
 
   
(a)                                    (b) 
   
(c)                                    (d) 
 
Figure 4-8 Field distribution for normal incident of TM polarization from 




Then we move to (b) the plot of Ey amplitude. It is shown Ey equals to 
zero for both incident and transmitted light, but non-zero in the grating region. 
The resonance of electrical field tends to drive the electrons on the surface of 
grating to move along x direction. However, due to the confinement of grating 
width, which is smaller than the wavelength, the surface electrons are forced 
to resonance along y direction, which generate radiation with non-zero 
electrical field along y direction. Since light is transverse wave, thus the 
propagation of such y component is not supported by the grating slits, which is 
also parallel along y direction. Thus this y-component vanished and does not 
exist in the transmitted wave.  
Finally we arrive at our conclusion on the |E|2 intensity distribution as 
shown in (c). Unlike the amplitude plot of (a), the intensity shows a uniform 
distribution in the region below grating. This is because the definition of 
intensity averages the time variation of local amplitude at each position within 
one period, thus the periodic distribution in (a) is vanished. However, we 
observe a special periodic change of intensity in upper region of grating, 
where the maximum intensity is even higher than that of initial incidence. This 
is due to interference of reflected wave and incidence wave. Although the 
simulation shows 86% of TM is transmitted through the grating, the rest is still 
reflected by the grating surface except for a tiny amount of absorption. This 
reflected TM wave would interfere with the incident TM wave since they have 
same polarization direction. The maximum intensity resulted from this 
interference of the two wave is reasonably larger than either of them, thus the 
initial incidence.    
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After above investigation of TM incidence, we investigate the TE 
incidence similarly under same condition.  Since Ez is the only component 
contributes to the intensity of TE wave, the plot of Ez amplitude and intensity 
is shown in Figure 4-9. It shows that a strong interference in the upper region 
of grating while zero amplitude and intensity in the below region, which 
suggests most of TE wave is reflected back with zero propagating through the 
grating. This result shows that the simulated grating structure acts as good 
polarizer for 550nm wavelength under normal incidence.  
  
Figure 4-9 Field distribution for normal incident of TE polarization from upper 
region of grating. 
 
Now we investigate the case of oblique incidence. To get a clearer view on 
the filed distribution inside the grating slits for oblique incidence, we increase 
the grating height to 400nm for investigation purpose even through this is not 
a good value to use based on our previous discussion. An incident angle of 45 
degree is used in this simulation and the phase distribution will also be 
calculated, while the rest parameters are kept the same as Figure 4-8. Figure 
4-10 shows the field distribution for oblique incident of TM polarization from 
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upper region of grating, where both Ex and Ey are plotted since both 
component contribute to the total intensity for oblique incidence. The ripples 
in the region above the grating result from interference between the incoming 
light and that reflected from the top surface of the grating. Ex and Ey are same 
in the upper region, since they are evenly divided component under 45 deg 
incidence. However, a clear difference is shown inside and blow grating region. 
This is due to the propagation of such y-component is not supported by the 
grating slits, as explained in Figure 4-8 (b).  
 
 
Figure 4-10 Field distribution for oblique incident of TM polarization from 
upper region of grating. 
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By combining these two components, the final intensity distribution for 
oblique incidence is shown in Figure 4-10 (c). The interference is not as strong 
as in the case of normal incidence, thus there is no clear intensity variation in 
the upper region of grating. Figure 4-11 shows the phase of the Ex and Ey field 
components. The change in angle of the wave front results from the higher 
refractive index of the substrate relative to the air region above the aluminum 
grating. 
 
Figure 4-11 Phase distribution of the Ex (left) and Ey (right) field components 
for oblique incident of TM polarization from upper region of grating. 
4.5 Summary 
RCWA was used to model the performance of subwavelength grating and 
design polarized LED. The choice of material to use for visible-wavelength 
subwavelength metallic grating is discussed, and the effect of the physical 
parameters on the polarization properties is investigated in details. FDTD was 
used to simulate the distribution of the electromagnetic field around the 




Chapter 5: Fabrication and Characterization of 
Polarized Light Emitting Diode 
 
5.1 Introduction 
In this chapter we will discuss the experimental work on the polarized 
LED. The fabrication techniques will be described in detail and process flow 
and parameters will be given. The fabricated device is electrically pumped and 
characterized, the EL emission shows high polarization degree. Based on this 
successful demonstration, we further propose several improved LED structures 
to meet various application demands. 
5.2 Polarized InGaN LED structure 
Figure 5-1 shows the schematic diagram of the cross section of the 
polarized InGaN/GaN green LED structure fabricated in this work [1]. The 
LED structure is grown on (0001) sapphire substrate by metal organic 
chemical vapor deposition. The grown epi- layer of 200 nm p-GaN layer, four 
InGaN/GaN quantum wells (QWs) and a 2000 nm thick n-GaN form the 
active region where carrier injection and light emission take place in the LED. 
The subwavelength metallic nanograting (SMNG) is designed on top of the 
emitting surface of LED. The restricted movement of electrons in the direction 
perpendicular to the SMNG gives rise to the polarized light emitting from this 
device. When the unpolarized emission from QW arrives at the LED surface, 
for polarization along SMNG, the conduction electrons are coherently driven 
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along SMNG with unrestricted movement and the physical response of SMNG 
is exactly the same as the case of a thin metal sheet. The resonating electrons 
give forward radiation, which has exactly opposite phase to the incoming 
wave, thus the two waves cancel each other and no net propagating wave 
through the metal. For polarization perpendicular to SMNG, since the period 
of SMNG is much smaller than the incident wavelength, the electron 
movement is confined similar to the case of a dielectric. The radiation field 
generated by electrons is no longer sufficiently strong to cancel the incoming 
field, thus most of light with this polarization will propagate through the 
dielectric. So the final output of light emission contains only one polarization. 
 
Figure 5-1 Schematic diagram of the cross section of the polarized 







5.3 Polarized InGaN LED fabrication process 
The LED structure is grown on (0001) sapphire substrate by metal organic 
chemical vapor deposition. The epi layered structure from top has a ~200 nm 
thick p-GaN layer, four InGaN/GaN quantum wells (QWs), ~2000 nm thick 
n-GaN and a ~2000 nm thick u-GaN layer. Figure 5-2 shows the fabrication 
process flow in details.  
As described in Figure 5-2, the LED mesa area is about 300 um by 300 
um, which is defined by standard photolithographic patterning, using AZ5214 
photoresist, spun at 2000 rpm/1sec, 3000 rpm /1sec, 5000 rpm/30 sec with all 
acceleration of 2000 rpm/sec, achieving ~1.3um thickness. Parts of the p-GaN 
and MQWs were first etched to expose the n-type GaN layer and to form a 
mesa. ICP etching uses 20sccm BCl3 and 10 sccm Cl2 under pressure of 5 
mTorr at 6 °C. RIE power is 200W and ICP power is 500W. Figure 5-3 is the 
plot of measured etch depth under different etch time, which indicates a GaN 
etch rate of ~0.4um/min. The etch rate is stable under above conditions, 
however, it will be lower if the pattern size of the etch mask is significantly 
small. Results show that the etch rate will decrease to 0.14 um/min for 
sub-100nm pattern size.  
The 2nd photolithographic patterning was done with alignment to the mesa, 
then a 10nm/150 nm/10nm/100 nm Ti/Al/Ni/Au metal layers was deposited by 
electron-beam evaporation followed by lift-off, and then annealed at air 
ambient at 650 °C to form Ohmic contact for n-type GaN. Figure 5-4 shows 
the plot of deposition rates of different metals using electron-beam 









Step 0. Layers grown by 
MOCVD growth on (0001) 
sapphire substrate. The 
layered structure starting 
from the top is made up of  
1) ~200 nm p-GaN layer  
2) InGaN/GaN QWs 
3) ~2000 nm thick n-GaN  
4) ~2000 nm thick u-GaN 
layer.  
Step 1) Photolithography, 
using AZ5214 photoresist, 
spun at 2000rpm for 1sec, 
3000rpm for 1sec then 
5000rpm for 30sec with all 
acceleration at 2000rpm/sec, 
achieving ~1.3um thick 
resist.  
 
Step 2) Parts of the p-GaN 
and MQWs were first 
etched to expose the n-type 
GaN layer and to form a 
mesa.  
Step 3) The 2nd 
photolithography was done 
with alignment to the mesa, 
which opens a window for 
n-type contact 
 
Step 4) Electron-beam 
evaporation of 10nm/150 
nm/10nm/100 nm 
Ti/Al/Ni/Au metal layer 
 
Step 5) Lift-off of 
Ti/Al/Ni/Au metal layer 
 
Step 6) Annealing at air 
ambient at 650°C to form 











Figure 5-2 Fabrication process flow of polarized InGaN LED (15 steps in 
total). 
Step 7) The 3rd photolithography 
step was done on the mesa, to 
protect the n-GaN region on which 
the above-mentioned n-type 
contact is fabricated. 
 
Step 8) Electron-beam evaporation 
of a 5 nm/5 nm thick Ni/Au metal 
layer as the current spreading layer 
for the p-contact. 
 
Step 9) Lift-off of Ni/Au metal 
layer 
 
Step 10) Annealing at air ambient 
at 550°C to form ohmic contact to 
p-type GaN.  
Step 11) Deposition of SiO2 layer 
with thickness of 100nm on top of 
Ni/Au.  
 
Step 12) The 4th photolithography 
step was done to the mesa, to open 
windows for the Au pad 
 
Step 13) Electron beam 
evaporation and lift-off of 200nm 
gold to form p-pad 
 
Step 14) Deposition of aluminum 
layer with thickness of 120nm on 
top of SiO2.  
 
Step 15) Electron beam 
lithography was done with 
alignment to the mesa region, 
followed by ion-milling to pattern 




Figure 5-3 Plot of measured GaN ICP etch depth under different etch time, 
which indicates an etch rate of ~0.4um/min. ICP etching condition is: 20sccm 
BCl3 and 10 sccm Cl2 under pressure of 5 mTorr at 6 °C. RIE power is 200W 
and ICP power is 500W. 
 
















































































































































































































Figure 5-4 Plot of deposition rate of different metals using electron-beam 








It is noted in Figure 5-4 that both Ti and Ni show increasing deposition 
rate with increasing current, so as the chamber pressure. This is reasonable 
because when the e-beam current is increased, the metal source inside crucible 
heated up by the e-beam is getting higher temperature, thus a higher 
evaporation rate and deposition rate. Both the increased evaporation flux and 
increased temperature will increase the chamber pressure. However, such a 
trend is not obviously seen for Al and Au. The evaporation rate for Al and Au 
is much higher compared with Ti and Ni, thus a larger variation during the 
process. This variation adds noise to this diagram, making the relationship not 
clearly shown from statistic point of view when the sample size (# of 
evaporation runs) is small.    
By repeating a 3rd photolithography step, a 5 nm/5 nm thick Ni/Au metal 
layer was deposited and annealed at 550°C to form an Ohmic contact to p-type 
GaN. After a 4th photolithography step, ~200nm Au was deposited to form the 
p-bond pad. A thin layer of SiO2 is deposited by plasma enhanced chemical 
vapor deposition (PECVD) on top of the Ni/Au 5 nm/5 nm p-type Ohmic 
contact layer. The 5th photolithography step is done to form the p-bond pad, 
where the deposited SiO2 was removed by etching in buffered HF solution. 
Aluminum is then evaporated on top of SiO2 with a thin titanium transition 
layer to enhance adhesion. ZEP520 resist is mixed with Aniso in the ratio 2:1, 
then spun onto the sample surface at 3000rpm for 90sec, giving a thickness of 
~250nm. The film is then baked on a hotplate at 180°C for 2min to evaporate 
the solvent. Then a thin layer of carbon particle suspended in water is spun on 
top of the resist at 1000 rpm for 30 sec, then baked on a hotplate at 95°C for 
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2min to evaporate the water. The carbon particles left behind forms a 
conductive coating to conduct away the charges during e-beam writing, which 
is especially helpful for the non-conductive sapphire substrate used. 
Electron beam lithography (EBL) is then performed on ELS-7000 e-beam 
direct write system with 100 kV acceleration voltage to define accurate 150 
nm period grating array on ZEP resist. A field of 300um by 300um is used to 
covers the whole writing area indicated by the red square shown in the SEM 
image Figure 5-5. Such a writing strategy gives uniform pattern in large area 
since no relative movement is needed between gun and stage within one field 
writing time, thus avoiding any mis-aliment of nanograting pattern which will 




Figure 5-5 E-beam writing field of 300um by 300um indicated by the red square 
shown under the SEM 
 
After e-beam writing, the sample is rinsed with DI water to clean the 
carbon conduction layer, and then immersed into oxylene for 30s developing 
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time. The grating pattern was replicated into the underlying aluminum layer 
through etching process. Figure 5-6 (left) shows that the grating pattern is 
uniform across the emission region of LED surface [2], while Figure 5-6 (right) 
shows that the grating pattern is discontinuous around p-pad, leaving a gap 
where unpolarized emission should come out through the gap. This is because 
of un-conformal deposition of aluminum around the pad from the shadowing 
effect during e-beam evaporation and the uneven resist resulted in grating 
pattern distortion around the pad. 
 
 
Figure 5-6 SEM image of (left) uniform grating pattern across the emission 
region of LED surface and (right) discontinuous grating pattern around p-pad. 
 
It is noted that the pre-deposited SiO2 on top of the Ni/Au 5 nm/5 nm 
thick p-type ohmic contact layer, serves as both a protective layer for p-metal 
contact surface during ion-milling process and as an insulating layer between 
the metal grating and p-contact.  
Figure 5-7 (left) shows the optical micrograph of the fabricated SMNG 
InGaN/GaN LED, where the original LED mesa, defined by optical 
lithography, is NOT entirely covered by e-beam writing area (The area 
covered by the SMNG appears darker in shade). We purposely left a margin in 
the upper and left sides, while increased the coverage in the lower and right 
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side, and also in the area neighboring to the mesa and n-contact region. Figure 
5-7 (right) shows the scanning electron microscope (SEM) image of the 
SMNG within the darker square. 
 
 
                (a)                                    (b) 
Figure 5-7 (a) Optical micrograph of fabricated SMNG LED mesa, where the 
SMNG patterned area appears as darker in shade. (b) Scanning electron 
microscope image of SMNG with a grating period of 150 nm  
 
 
To further characterize the surface profile of fabricated Al SMNG, Figure 
5-8 shows AFM image of fabricated Al SMNG (upper) and cross section 
profile (lower). The measured grating period is 150nm, which is consistent 
with the measurement obtained from SEM. Some discrepancy may exist due 
to AFM tip used in the measurement not being sharp enough, which prevents 
the tip from reaching the grating groove. Thus the grating height can not be 










Figure 5-9 shows the room temperature electroluminescence (EL) spectra 
of SMNG LED at a forward current of 10 mA [1]. The peak wavelength and 
the full-width-at-half maximum (FWHM) of the emission spectra of the LED 
are 546 nm and 80 nm, respectively. Compared with original LED without 
SWMG fabricated, there was no obvious change for both peak wavelength and 
FWHM, which is consistent with the fact that our SMNG is designed for 
giving almost uniform transmission efficiency within this spectral range. It can 
be seen from the inset optical micrograph that the emission area is exclusively 
defined by the squared EBL written area where SMNG is patterned. This area 
is smaller than the mesa area defined by optical lithography as in conventional 
LEDs. The planar Al layer in the region outside the EBL written area was not 
etched away during ion-milling as described in the fabrication process flow.  
 
 
Figure 5-9 Room temperature EL spectra of the InGaN/GaN SMNG LED at a 
forward injection current of 10 mA, The inset image is the optical micrograph 






Figure 5-10 shows the EL intensity as a function of the orientation angle 
of the linear polarizer placed between the InGaN/GaN green SMNG LED and 
the spectrometer [1]. The intensity at various polarizer angles was determined 
by measuring the peak intensity of the central wavelength of the spectrum in 
steps of 5-degree intervals. Only the light components with polarization 
parallel to the polarizer axis will be allowed to pass through the polarizer. The 
InGaN/GaN green LED before adding on the SMNG showed no polarization 
and the light intensity is almost constant when turning the polarizer angle in a 
complete circle. For the LED with the Al SMNG, the measured intensity varies 
with the polarizer angle, revealing polarized light emission from the LED. The 
measured polarization ratio, defined as the maximum intensity divided by the 
minimum intensity Imax/Imin , is 7:1. The measured results match well with the 
simulated results using rigorous coupled-wave analysis (RCWA), as seen in 
the solid curve in Figure 5-10, except around the extinction angle at which the 
simulated curve almost reach zero for a perfect linear polarization without any 
orthogonal component. The non-zero orthogonal component in the measured 
result originated from the leakage light from the P-contact pad edge areas, as 
seen in the inset optical micrograph of Figure 5-10. The eclipse-like emission 
suggests that light around the pad has a lower polarization degree possibly 
because of un-conformal deposition of aluminum around the pad due to the 
shadowing effect occurring during e-beam evaporation and to the uneven resist 





Figure 5-10 EL intensity of the InGaN/GaN SMNG LED as a function of the 
polarizer angle within one period. Dots are measured at 5-degree intervals 
while the red curve is simulated by RCWA also with 5-degree intervals but 
connected as a continuous curve. The inset image shows an optical micrograph 
of the eclipse like light emission around the p-pad when the polarizer angle is 
placed at extinction position. 
 
5.4 Summary 
In this chapter we have described techniques to make polarized light from 
a conventional InGaN/GaN LED structure by using a subwavelength metal 
nanograting (SMNG). The device structures and fabrication methods are 
compatible to conventional InGaN/GaN LED fabrication. High polarization 
degree has been demonstrated on fabricated device under electrical pumping.  
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Chapter 6: Fabrication and characterization of 
wire-grid polarizer in Terahertz range 
6.1 Introduction 
In this chapter we apply a similar design idea as that described in the 
previous chapter to develop polarized emitter in the terahertz (THz) range, 
which is the last frontier in the electromagnetic spectrum to be explored by 
human beings. The polarization response of subwavelength metallic grating to 
terahertz wave is studied systematically. Simulations are performed to study 
the polarization performance variation with different physical parameters of 
the grating. Fabrication process is discussed for gold and aluminum grating 
with period varying from 2 um to 0.5 um based on Si and quartz substrate. 
Large area grating array with 500nm period is demonstrated by nanoimprint 
lithography while conventional photolithography was used to define 2um 
period grating, followed by lift-off or etching method to transfer pattern to 
metal layer. Characterization was performed by Terahertz time-domain 
spectroscopy (THz-TDS) and Fourier transform infrared spectroscopy (FTIR) 






6.2 Motivation and design 
The least-explored region of the electromagnetic spectrum consists of 
terahertz waves, which falls between microwaves and infrared light. It has 
great promise as a security-imaging tool because its frequencies, which range 
from 300 gigahertz to 3 terahertz, easily pass through clothes but reflect off 
biological tissue [1, 2]. And since the THz waves do not have the energy that 
x-rays do, they do not pose a health risk. For years, engineers have had their 
eyes on terahertz radiation for its ability to capture images as clear as x-rays 
without the harmful radiation effect. But terahertz applications remain few 
because scientists have not yet developed all the tools needed to modify and 
control the waves, one of which is polarization control.  
Current commercial THz polarizer is made of ~20 µm wide tungsten wire 
wound on a circular frame [3]. The fabrication process makes it difficult to 
have the wire dimension scaled down [4]. In previous chapters, we integrate 
subwavelength metallic nanograting to InGaN LED. The same design idea can 
be applied to THz emitter as well. Motivated by this idea, we investigate the 
polarization performance of subwavelength metallic grating in the terahertz 
frequency. It was found that the extinction ratio can be greatly enhanced and 
insertion loss can also be reduced if the grating period could be scaled down to 
submicron dimension. A THz polarizer with 500nm period grating over a large 
area of Si substrate is demonstrated by using nanoimprint lithography method.   
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6.3 Simulation on the physical parameters of grating 
The simulation model is same as that used in previous chapters except for 
the refractive index of material. Since terahertz is the least-explored region of 
the electromagnetic spectrum, there are few data on the refractive indices of 
material that we can readily use. Fortunately, the wavelength of THz wave is 
much larger than the dimension of gratings that we are going to study in this 
work, and the THz range is far away from the resonance frequency of metals. 
In this case, the Drude model [6] is applicable to calculate the refractive 
indices of materials giving results with almost no difference from the 
experimentally measured data for real materials. So the Drude model will be 
used through all the simulations in this chapter. 
Drude model is a simple analytic index of refraction model based on a 
simplified physical model of the material which assumes that in a metal one 
ore more valance electrons per atom were completely delocalized and were 
free to bounce around inside the metal. The complex index of refraction nc is 
defined as  
( ) 2122 εεε iiknn cc +=≡+=  
                    












                         


















































Where N is the free electron density, e is the electron charge, m* is the 
effective mass of the electrons. 
∞
ε  is the high frequency dielectric constant. 
τω  is the damping frequency known for each metals. By inputting the 
frequency value, the refractive index at each frequency could be calculated.   
 
Grating period is a key factor that determines the performances of 
wire-grid polarizer. One most important design goal for a wire-grid polarizer 
is to achieve as higher extinction ratio and lower insertion loss as possible. 
The former indicates the purity of polarized light obtained and the latter 
indicates the efficiency as defined in Equ 2.4. Figure 6-1 shows the simulation 
results of extinction ratio and insertion loss of Al wire-grid polarizer as a 
function of terahertz frequencies. The parameters for two Al gratings are of 
thickness ~120nm, duty cycle ~50%, period of 500nm and 3 um. The complex 
refractive index of Al was derived from the Drude model. Here, we defined 
the extinction ratio as –10log (TTE/TTM), and the insertion loss as 10log 
(1/TTM). It is noted that the extinction ratio is greatly enhanced and the 
insertion loss is greatly reduced over the frequency range 0.5-5 THz when the 
grating period is scaled down from 3 um to 500 nm. As is known, 3um is a 
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critical value close to the feature size limit to be fabricated by conventional 
masking photolithography. To take full advantage of the enhanced wire grid 
polarizer performance when the period is scaled down to 500 nm, other 
lithography techniques should be applied. 
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 period = 500 nm
 
      (a)                  (b) 
 
Figure 6-1 Simulation results of (a) extinction ratio and (b) insertion loss of Al 
wire-grid polarizer with period of 500 nm and 3 um as a function of terahertz 
frequencies under normal incidence. Al thickness used in this simulation is 
120nm.  
 
For large area sub-micron patterning, NIL is a promising technology and 
wafer level nano-patterning has been demonstrated. A polarizer made from Al 
grating on Si substrate was demonstrated in this chapter using NIL and the wet 
chemical etching. 
It is known that highly doped Si with low resistivity causes strong 
absorption in the THz range but intrinsic Si has very low absorption [7]. The 
substrate used in this work is intrinsic Si (100) wafer with resistivity above 
18,000 Ω cm and thickness of 500 um, which provides sufficient chemical 
stability, thermal durability, high robustness and very low absorption.  
Figure 6-2 shows the simulation results of TE and TM transmittances as a 
function of THz frequencies for the Al grating at normal incidence. The 
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parameters for the Al grating are same as that used in Figure 6-1 and the 
period is 500nm. The refractive index of Si, treated as lossless and 
dispersionless, was selected as 3.4 [7]. It is noted that the TM transmittance is 
around 50% while the TE transmittance is below 0.02% in the frequency range 
up to 5 THz. This can result an extinction ratio of 35 dB at 5 THz and >35dB 
below 5 THz. It is noted that we have included Si substrate into this simulation 
to show the performance of the whole device. The value of 50% is very close 
to the well-known transmittance of a dielectric sheet in air, when its refractive 
index is 3.4. This suggests that the TM transmittance is almost 100% if we 
purely consider the Al grating without Si substrate, which is true as verified by 
further simulation on free standing Al grating in air. This conclusion is also  
consistent with the FDTD result, as shown in following sections. 
 


















 TM incidence 
 TE  incidence
 
Figure 6-2 Simulation results of TE and TM transmittances at normal incident 
angle as a function of terahertz frequencies. 
 
Figure 6-3 shows FDTD simulation on the transmittance of TM wave and 
extinction ratio in 0~5 THz region with different metal thicknesses, while the 
duty cycle and grating period were fixed at 50% and 500nm, respectively. It is 
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found that TM transmittance is lower with increasing metal thickness and that 
the TM transmittance decreases faster with frequency for larger metal 
thickness. The extinction ratio increases by more than 30 dB when the metal 
thickness varies from 200 nm to 600 nm. This is reasonable because as the 
thickness of the metal is increased, the TE transmission is reduced. Since the 
TE wave sees the grating region as an absorbing film, increasing the grating 
thickness increases its absorption. Since TM transmittance always stays at a 
high value of above 98%, the variation of extinction ratio shown in Figure 6-3 
(b) is the result of the variation of TE transmission. It is observed in Figure 6-3 
(b) an increasing variation in extinction ratio with increasing metal thickness, 
which indicates an increasing variation of TE transmission with increasing 
metal height. Also the variation period decrease with increasing metal height. 
We suspect that this variation is due to the Fabry-Perot cavity effect. It is noted 
that the wavelength of THz wave is much larger than the cavity length, namely 
the metal thickness here. So a larger cavity length means a larger phase 
difference between the TE waves reflected at the top and the TE wave 
reflected at the bottom of the cavity, thus a larger variation in the total TE 
transmission as the result of interference between these two phases. Since the 
TE transmission is very small, this difference in TE transmission makes a 
considerably large contribution to the variation, which is further amplified 
through the calculation of extinction ratio as defined by (2.4).  
It is noticed that for the purpose of investigating the physical mechanism 
solely from the grating effect, this simulation does not include the substrate 





               (a)                                (b) 
Figure 6-3 FDTD simulation on (a) transmittance of TM wave and (b) 
extinction ratio in 0~5 THz region with different metal thicknesses, while the 
duty cycle and grating period were fixed at 50% and 500nm, respectively. 
 
Figure 6.4 shows the FDTD simulation on the transmittance of TM wave 
and extinction ratio in the 0~5 THz region with different grating period, while 
the duty cycle and metal thickness were fixed at 50% and 500nm, respectively. 
It is found that the TM transmittance decreases with increasing frequency 
while the different period does not give a significant difference to TM 
transmittance. This is reasonable because as the frequency is increased thus the 
wavelength is shorter, the wires become equivalently wider for TM field 
therefore the electrons have more space in which they can vibrate. This results 
in an increase in the attenuation of the TM wave. It is also found that the 
smaller period gives higher extinction ratio. This is mainly due to the reduced 
period resulting an increased attenuation of the TE wave, which was explained 
in chapter 4. Since we have already shown that different period does not give a 
significant difference to TM transmittance, the smaller period results in higher 





(a)                                (b) 
Figure 6-4 FDTD simulation on (a) transmittance of TM wave and (b) 
extinction ratio in 0~5 THz region with different grating period, while the duty 
cycle and metal thickness were fixed at 50% and 500nm, respectively. 
 
Figure 6.5 shows the FDTD simulation on the transmittance of TM wave 
and extinction ratio in 0~5 THz region with different duty cycle, while both 
the grating period and metal thickness were each fixed at 500nm. It is found 
that the TM transmittance decreases with increase in duty cycle while the 
extinction ratio will increase. This behavior is similar to that described in 
Figure 4.5 (b) and (c). The difference lies in that the wavelength of THz wave 
is much larger compared with visible light and the grating period. So even 
though a larger duty cycle gives more space for electrons to move 
perpendicular to the grating under excitation of TM wave, the grating width is 
still so small compared to the wavelength that the attenuation in TM wave is 
also smaller.  Similarly, since the wires are too close together compared with 
THz wave, it is extremely easy for the TE field to excite the electrons to move 
along the wires. This results in an increase in the attenuation of the TE wave 
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so the transmission of TE wave is several magnitude smaller compared with 
the case in visible range. Therefore the extinction ratio is much larger than that 
is shown in Figure 4.6 (c).   
After performing the analysis focusing on the grating itself, we investigate 
the effect of substrate. As shown in Figure 6-6, Si with a high resistivity and a 
refractive index 3.4 was chosen as substrate. The extinction ratio is around 51 
dB when substrate thickness is zero, this is consistent with the result shown in 
Figure 6-3 (b). The extinction ratio then decreases with thicker substrate. Since 
the two interfaces of the Si can also form a FP cavity, the constructive or 
destructive interference at different thicknesses will also influence the 
extinction ratio. So substrate with a smaller thickness (<0.1 um) is desired 
from a simulation point of view, but a reasonable thickness is required to 
provide enough physical support for the gratings during fabrication. 
 
(a)                                (b) 
Figure 6-5 FDTD simulation on (a) transmittance of TM wave and (b) 
extinction ratio in 0~5T THz region with different duty cycle, while both the 





Figure 6-6 FDTD simulation on extinction ratio at 1 THz with different 














6.4 Fabrication of grating 
The process flow for the grating fabrication is shown in Figure 6-7. After a 
piranha clean (H2SO4: H2O2 = 3:1), an aluminum layer with thickness of 120 
nm was deposited on the Si wafer by electron beam evaporation. Then the 
sample is spin-coated with PMMA of molecular weight 120K at 1500 rpm to 
achieve a thickness of about 300nm.  
A (1H,1H,2H,2H)-Perfluorodecyltrichloro mold with 500nm is placed on 
top of the wafer and imprinted in Obducat Nanoimprinter at 1500C and 60 bar 
for 300s. The residual layer after the imprint has the thickness of about 60nm, 
which is then removed by O2 plasma etching. Then the sample was immersed 
into the mixture of H3PO4: H2O2: H2O (8:1:1) for wet etching of aluminum, 
the etching rate is 10nm/sec at 35 oC. Finally the sample is rinsed with acetone 
to remove all remaining PMMA. Figure 6.8 shows a scanning electron 
microscopy image of the fabricated element with grating period of 500 nm and 
duty cycle of 0.5.  
Besides the 500nm period grating described above fabricated by 
nanoimprint lithograohy, conventional photolithography was used to fabricate 
2um period grating on photoresist, as shown in Figure 6-9 (a) (microscope 
image of 2um photoresist grating). Then 10 nm Cr was deposited by ebeam 

















The sample was immersed in acetone to lift off the Au on top of 
photoresist, leaving the Au grating inside the groove, as indicated in Figure 






Figure 6-9 (a) Grating on photoresist with 2um period defined by conventional 
photolithography. The sample is exposed under UV light for 700 mw/cm2 for 
10 sec and then developed with diluted developer (1:1 with DI water) for 





Figure 6-10 Lift-off process of Au grating with 2um period. The substrate 










The fabricated sample is characterized by Fourier Transform Infrared 
Spectrometry (FTIR) and Terahertz time-domain spectroscopy (THz-TDS) 
measurement. In the FTIR measurement, both air and bare Si substrate are 
chosen as background reference. 
The THz transmission spectrum of the fabricated element was measured by 
using a FTIR in a frequency range of 0.5-5 THz. Figure 6-11 shows the 
transmission spectra of the fabricated element for TM and TE polarizations at 
normal incidence, as well as that of a bare Si substrate without the wire grid to 
be use for comparison. Preliminary results show that the TM transmission is 
very close to the reference Si substrate transmission line, except for the 
abnormal peaks at around 1.7 THz and 3.6 THz. We have taken re-scan for 
several time and got this abnormal peak repeatedly. These abnormal peaks are 
caused by the error of our FTIR measuring system, which is confirmed by 
THz-TDS measurement shown later. It also shown in Figure 6-11 that TE 
transmission gets larger when the wavelength is reduced. This suggests the 
existence of etch defects on wire grid, uneven distribution of Al density along 
the wire grid, surface roughness and oxidation resulted from wet etch process. 
At low frequency, since the grating structure is so smaller compared with 
wavelength, these defects are not recognized by the incidence wave with long 
wavelength. However, when the wavelength gets reduced, these defects could 
be identified and result in higher transmission of TE polarization. These 
defects could be eliminated by optimization of the device processing such as 
changing the wet etch process to lift-off or dry etch process, thus the 
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performance could be further improved by having a lower TE transmission 
and a high extinction ratio. The technique described for the fabrication of a 
THz polarizer grating is low in cost and has high throughput. 
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Figure 6-11 Measured THz spectrum using FTIR for the fabricated wire-grid 
polarizer with a period of 500nm by nanoimprint lithography and wet etching 
process 
 
Figure 6-12 shows the measured THz spectrum by FTIR for the fabricated 
wire-grid polarizer with a period of 2um by photolithography and lift-off 
process. Grating of 200nm Au, 2um period and 50% duty cycle on 300um 
quartz was also characterized. It is shown that the TM transmission is also 
close to the reference Si substrate transmission. The TE transmission is closed 
to zero even at high frequency, which is an improvement in the grating 
performance compared with Figure 6-11. It is also confirmed that the 
increasing TE transmission in Figure 6-11 is due to wet-etch defect which 




Figure 6-12 Measured THz spectrum using FTIR for the fabricated wire-grid 
polarizer with a period of 2um by photolithography and lift-off process. 
 
The fabricated sample was also characterized by THz Time Domain 
Spectrometry (THz-TDS).  It is showed in Figure 6-13 (a) that the signal of 
TM is exactly the same as bare Si. The signal of TE is much smaller since 
most of the TE wave is reflected by the grating and the transmitted intensity is 
very low, this is also confirmed by FTIR measurement. The frequency 
response of the sample to TE and TM wave is extracted by performing Fourier 
transformation, as shown in Figure 6-13 (b). The corresponding extinction 
ratio spectrum is shown in Figure 6-13 (c), where average extinction ratio 















Figure 6-13 (a) THz-TDs testing raw data showing that signal of TM is exactly 
the same as bare Si and the signal of TE is much smaller than TM. (b) The 
frequency response of the sample to TE and TM wave extracted by performing 
Fourier transformation. (c) The corresponding extinction ratio spectrum 
 
6.6 Summary 
In this chapter we have systematically studied the polarization response of 
subwavelength metallic grating to terahertz wave. Simulations are performed 
to study the polarization performance variation with different physical 
parameters of the grating. Fabrication process is discussed for gold and 
aluminum grating with period varying from 2 um to 0.5 um based on Si and 
quartz substrate. Characterization was performed by Terahertz time-domain 






Chapter 7: Summary and Future Work 
7.1 Summary 
 
The work described in this thesis is summarized as follows. 
We have used RCWA to model the performance of SMNG. The choice of 
material to use for visible-wavelength SMNG is discussed, and the effect of 
the physical parameters on the polarization properties is investigated in details. 
FDTD was used to simulate the distribution of the electromagnetic field 
around the grating when light is passing through it. These investigations show 
a promising design of polarized InGaN LED by using SMNG. 
We have developed the process flow to make polarized InGaN LED by 
integrating SMNG on the emitting surface of InGaN LED. Both device 
structures and fabrication methods are compatible to conventional InGaN/GaN 
LED fabrication. The process parameters for photolithography, e-beam 
lithography, nanoimprint lithography, e-beam evaporation, plasma etching and 
ion milling are studied and optimized. 
Based on above structure design and process development, a linearly 
polarized surface emitting InGaN/GaN LED on sapphire substrate was 
demonstrated, with a polarization ratio of 7:1 (~88% polarization of light) for 
electroluminescence emission from the device under electrical pumping. This 
value is the highest ever reported among those achieved by other methods 
such as from LEDs grown on non-polar/semi-polar surface, LEDs with 
backside reflector or those incorporating photonic crystal.  
The polarization response of SMNG to terahertz wave is also studied.  
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7.2 Future work 
 
The above experimental result serves as experimental demonstration of 
polarized InGaN surface emitting LED. Simulation results presented in 
chapter 4 showed that the polarization ratio and the light output efficiency are 
related to the grating parameters, such as grating period, grating height and 
duty cycle. The grating parameters can be tuned to obtain desired polarization 
performance. The device size can be smaller or bigger than the current device 
used in the experiment and the p-mesa shape can be different. We propose 
several improved LED structures with different designs to meet various 
application demands. 
One alternative LED structure with polarized emission is to make the 
SMNG directly on top of the p-GaN layer serving as the top electrode [1]. 
Figure 7-1 shows schematic diagram of a polarized LED with SMNG in cross 
section view and top view. In this method, the SMNG will be serving as both 
polarizer and the metal contact to the p-GaN, like a transparent conducting 
electrode. To get better ohmic contact as well as polarizer function, the grating 
can be formed by Ni/Au/Al with thickness of 5nm/5nm/150nm. The p-metal 
contact pad is modified to have all the grating lines connected. This structure 
will save the steps of separate Ni/Au and Al metal deposition, and the PECVD 
SiO2 deposition. Alternatively, the Ni/Au 5nm/5nm thin contact layer can be 
kept as a continuous film and the Al sub-wavelength grating is formed directly 
on top of the Ni/Au contact without the SiO2 insulation layer. In this case, the 
SMNG should be made within the p-contact layer to avoid any potential 




Figure 7-1 Cross section view (left) and top view (right) of the polarized LED 
with SMNG directly on top of the p-GaN layer 
 
Before packaging, the LED wafer is diced into individual chips. Due to 
the higher refractive index of the InGaN and GaN layers with respect to that of 
sapphire, the InGaN/GaN layer on top of the sapphire substrate will form a 
waveguide layer facilitating the light propagation in the horizontal plane 
perpendicular to the surface. This part of light will be partially emitted out 
from a packaged LED, which will deteriorate the overall device polarization 
ratio. To solve this problem [1], a mesa etching and metal reflector coating can 
be applied during the LED processing to polarized SMNG LED structures as 
shown in Figure 7-2. For example, after the fabrication of the 
above-mentioned SMNG LED structure, the wafer can be patterned and 
plasma etched using plasma etching to remove the GaN layers down to the 
sapphire substrate to isolate the chip. The trench should have an area larger 
than the LED mesa and surrounding it. The width of the trench can be about 
20um, which can be used later as the guiding line for chip dicing. The wafer is 
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next coated with a dielectric layer e.g. 100nm SiO2 using PECVD to act as an 
electrical isolation layer. A metal layer such as Al with a thickness of 200nm 
can be further deposited by e-beam evaporation and lift-off process to cover 
the trench and side wall of the InGaN/GaN layers on top of the sapphire 
substrate to block the light propagating along the InGaN/GaN waveguide layer. 
The metal layer can also cover any other part on the p-GaN surface, such as 
the p-mesa edge as shown in the Figure 7-2 (top view), to eliminate any 
potential light leakage through the mesa edge. This method will greatly 
improve the polarization ratio in a packaged LED. 
 
Figure 7-2 Cross section view (left) and top view (right) of the polarized 
SMNG LED having dicing trench etched and coated with reflecting metals.  
 
In high brightness LEDs with high current injection and under high power 
operation, the LED can operate with p-side mounted down in contact with the 
heat sink with the light emission coming through the sapphire substrate. This 
mounting is carried out with flip-chip technology. The sapphire substrate can 
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also be removed by, e.g., laser lift-off or photo-electro-chemical etching. The 
SMNG polarizer structure can be applied to both cases [1]. Figure 7-3 shows 
the schematic diagrams of the cross section view of the flip-chip LED with 
SMNG fabricated on the sapphire substrate and on the membrane LED with 
sapphire substrate removed and with SMNG formed on n-GaN layer.  
 
Figure 7-3 Cross section diagram of flip-chip LED with SWMG made on 





We have carried out some preliminary experiments on fabricating the 
copper heat sink by electroplating. The seeding layer is Cr/Au 10nm/500nm. 
The current used for the electroplating process is 5A/dm2 which gives a 
growth rate of 0.9um/min. After 2 hours of electroplating, we get a Cu layer 
with thickness of 100um is grown, as shown in the microscope image of 
Figure 7-4. The surface morphology of Cu after electroplating is further 
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investigated using SEM, as shown in Figure 7-5, where the grain boundary of 




Figure 7-4 Microscope image surface of Cu after electroplating 
 
 
Figure 7-5 SEM image of surface morphology of Cu after electroplating, 
where the grain boundary of Cu is shown 
 
 
The last design idea is to remove the substrate under the emission area, 
making the active region free-standing in the air. This will decrease the 
substrate absorption, and increase the refractive index contrast at the backside 
since the air gives the lowest refractive index of 1. The sample of GaN grown 
on Si (111) substrate was used to demonstrate this idea. The Si substrate below 
GaN was removed using isotropic Si etch, forming a microdisk structure 
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pivoted by Si in the center, which is shown in Figure 7-6. Such an undercut 
microdisk LED will benefit from the strain release due to the removal of the Si 
substrate, and it also gives a brighter surface emission due to the larger 
refractive index contrast at the bottom surface. Figure 7-7 shows the PL 
measurement result. It shows that the undercut region gives much higher PL 
intensity compared with the non-undercut region. The non undercut region 
gives an intensity similar with that of the bare substrate, but with a different 
peak wavelength. This is due to the strain relaxation after the Si substrate 
removal. The emission peak from GaN around 360nm is too weak to observe 
because the MQW gives a much stronger light emission intensity. 
 
 
   Figure 7-6 SEM image showing the undercut microdisk LED structure 
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 Figure 7-7 PL measurement of undercut GaN microdisk on Si substrate 
 
The SMNG can be formed by ion milling, plasma etching or lift-off 
process. In the top surface emission LED structure, the dielectric insulation 
layer such as SiO2 can be purposely etched to some extend, like 100nm. This 
will help the light extraction out of the GaN surface. Similarly, in the flip-chip 
LED or membrane LED structures, the Sapphire substrate or the n-GaN layer 
can be milled or etched to create surface subwavelength grating structure to 
enhance the light extraction from the LED chip. The principle of light 
emission enhancement is based on the EMT, as discussed in chapter 2. 
In the above discussion, the active light emitting region of InGaN/GaN 
based quantum wells could have emission wavelength in the full visible range. 
It could also be InN based quantum dots or In-rich InGaN nano-crystals that 
  
125 
give either colored emission or direct white light emission. 
For polarized white light emission from a white LED, the phosphor or 
colloidal quantum dots materials can be coated directly on top of the 
InGaN/GaN blue or UV LED. In this configuration, the SMNG can be 
fabricated on top of the flat phosphor or quantum dots layers. The total 
polarized light emission efficiency could be enhanced by the extra phosphor or 




The work described in this thesis is summarized. Several improved LED 
structures with different designs to meet various application demands are 
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